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    Cell-specific information on quantity and localization of key mRNA transcripts in single-cell 
level are critical to the assessment of cancer risk, therapy efficacy, and effective prevention 
strategies. While current techniques are not capable to visualize single mRNA transcript beyond 
the diffraction limit. In this thesis, two nonlinear technologies, second harmonic super-resolution 
microscopy (SHaSM) and transient absorption microscopy (TAM), are developed to detect and 
quantify single Human edimer receptor 2 (Her2) mRNA transcripts. The SHaSM is used to detect 
single mRNA transcript beyond the diffraction limit, while the TAM is employed to detect 
mRNA without the interference of fluorescence background. The thesis presents the fundamental 
study on the probes used in SHaSM, the concept and instrumental layout of the two technologies, 
and the detection as well as quantification of mRNA transcript in cells and tissues by super 
resolution microscopy and background-free detection microscopy. 
    The first part of my dissertation focuses on the introduction of available mRNA detection 
methods and nonlinear imaging techniques. In chapter 2, I mainly characterize the SHG emission 
behavior of individual BTO nanocrystals via time-resolved single molecule spectroscopy, 
correlation spectroscopy, and confocal microscopy. High-intensity stable emission is collected 
from individual BTO nanocrystals with a high signal-to-noise ratio; the polar-dependent emission 
xvii 
  
behavior of individual BTO NCs was also investigated theoretically and experimentally; and the 
dynamics of individual BTO in turbid medium is studied by an improved autocorrelation 
spectroscopy.  
    The third chapter develops a novel second harmonic super-resolution microscopy (SHaSM), 
which is capable of detecting individual BTO nanocrystals with the lateral resolution as high as 
30 nm. Motivated by the capability of SHaSM to visualize single BTO nanocrystals beyond the 
diffraction limit, we develop a “dimer” configuration of BTO nanocrystals for detecting single 
mRNA transcript beyond the diffraction limit. We validate our SHaSM to resolve single mRNA 
transcript first in vitro. Preformed BTO dimers are detected and differentiated by the SHaSM and 
by the SEM as the control. Expression level and localization patterns of Her2 mRNA transcript in 
single SKBR3, MCF7, and HeLa cell are investigated with the SHaSM. SHaSM can successfully 
differentiate the Her2 mRNA from the nonspecific BTO monomers, and identify more than one 
transcript in a diffraction-limited spot for SKBR3 cells. Quantification results agree well with the 
theoretical estimation and the RNA FISH results, and in addition it shows that the SHaSM has 
more accurate quantification when detecting over-expressed mRNA transcript. Furthermore we 
applied the SHG probes and SHaSM to study the heterogeneity of Her2 mRNA transcript in 
breast cancer tissues. High-specific binding of the SHG probes is observed and high penetration 
detection can be realized.  
    In addition to the SHaSM, I also develop a background-free method to detect and quantify 
mRNA transcript. A femto-second transient absorption microscopy (TAM) is developed in the 
lab. It starts with the theoretical description of the TAM process, and then introduce the 
fundamental optical properties of the gold nanoparticles in TAM. By chemically treating the gold 
nanoparticles and conjugating with ODN probes, the gold nanoparticles hybridize to the mRNA 
molecules and are visualized in the TAM, together with label-free images of cells obtained in the 
xviii 
  
SRS microscopy. mRNA is quantified with single copy sensitivity and is validated by the FISH 
approach. 
Super resolution microscopy of Her2 mRNA transcript in single cells will provide more accurate 
quantification in single cells; what’s more, it can be potentially employed to investigate the 
dynamics of single mRNA transcript beyond the diffraction limit, which is extremely significant 
in basic biology. TAM microscopy promotes the detection of mRNA transcript at a high speed 
without fluorescence background, which can be further utilized to investigate the dynamics of 
RNA regulation. Both these two methods will promote our understandings of the expression level 
and localization patterns of mRNA transcript in single cells, provide a route to employ mRNA 




CHAPTER 1 INTRODUCTION 
1.1 mRNA Detection Methods 
 
The genetic information encoded in DNA is transcribed to mRNA by RNA polymerases, and 
mRNA is translated to protein by ribosomes, this is the central dogma of molecular biology.[1, 2] 
It has been demonstrated that RNA molecules are responsible for a broad range of functions in 
live cells, which are realized by the modulation of temporal and spatial distribution of localization 
pattern as well expression levels of specific RNA molecules. Abnormality of these RNA 
molecules can result in the cellular dysfunctions and lead to the generation of diseases, such as 
cancer. Increasing evidence suggests that phenotypic heterogeneity plays a critical role in the 
onset and progression of cancer; variation of the transcription of key genes in single cells occurs 
to trigger loss of tissue homeostasis. [3] Therefore, to this end, the ability of recording the 
intracellular localization patterns and quantifying the expression levels of RNA molecules in real 
time is of significant importance for understanding the basic cellular behavior and the diagnosis 
of the disease.  
Stimulated by the significance of mRNA detection and quantification, many efforts have been 
devoted to develop novel methods to quantify the expression level of specific genes and mRNAs. 
Current “gold standard” mRNA detection methods, such as polymerase chain reaction (PCR),[4] 
Northern blotting,[5] et al, provide the average expression levels from cell populations or whole 
tissues. Furthermore, the in situ hybridization-based approaches, such as Fluorescence in situ 
Hybridization (FISH) and fluorescence protein tagged RNA-binding proteins are emerging 
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techniques that can obtain the intracellular locations and expression levels of mRNA in single 
cells. In this section, I will summarize all the current mRNA detection methods, from in vitro 
quantification method based on cell populations, to in situ hybridization method at the single cell 
level.  
1.1.1 In vitro detection methods 
 
For the last three decades, the in vitro mRNA detection methods, together with the rapidly 
increasing availability of genomic data, have offered numerous opportunities for the 
understanding of human health and diseases.  The typical in vitro methods are Northern blotting, 
reverse transcription-polymerase chain reaction (RT-PCR),[4] expressed sequence tag (EST),[6] 
DNA microarrays,[7] and serial analysis of gene expression (SAGE).[8] These technologies are 
analytical, or semi-quantitative approach to provide the expression levels of the mRNA molecules 
from the average of millions of cells. Here I just representatively introduce two regular mRNA 
detection methods, northern blotting and RT-PCR.  
(1) Northern blotting  
The northern blotting method is the easiest and a straightforward approach to determine the size 
of transcripts, and to identify the alternative splicing of transcripts. Basically the total RNAs or 
mRNAs are firstly extracted from millions of cells; and then these transcripts are separated 
according to size via the electrophoresis in an agarose gel under denaturing conditions. The 
separated species are transferred to a membrane filter where the transcripts are immobilized, then 
crosslinked and hybridized with single strand DNA probes, including radon-primed, nick-
translated, or PCR-generated DNA probes, in vitro transcribed RNA probes, and 
oligonucleotides, which are specific for certain RNA/mRNA species. These DNA probes are 
finally readout via the specific labeling of reporters, such as 
32
P radiolabeled probes, 
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fluorochromes, colorimetric probes, and antibody-based probes, with proper detection 
instruments.[9]  
The northern blotting method remains the “gold standard” for mRNA detection, even though 
more sensitive techniques are available primarily due to the simplicity of the operation. However, 
the northern blotting also has several limitations. First the quantification results are highly 
affected by the degradation of RNA transcripts; secondly, the northern blotting is almost the least 
sensitive technique for RNA quantification. Finally the northern blotting is difficult to implement 
the multiplex detection of mRNAs.[9]  
(2) RT-PCR  
The RT-PCR has rapidly risen as a benchmark technology for the detection and quantification 
methods of RNA/mRNA transcripts due to its advantages over the aforementioned northern 
blotting method. First it reduces time of measurements by several times; secondly it can measure 
the RNA with a large scale of abundance (>10
7
-fold). Most importantly, it provides a much 
sensitive and quantitative analysis compared with the insensitive semi-quantitative northern 
blotting method.[10]   
The concept of RT-PCR for RNA/mRNA detection is illustrated in Figure 1.1. Similar as the 
northern blotting approach, the RNA/mRNA is first extracted from a population of cells and then 
the transcript template is converted into a complementary DNA (cDNA) using a reverse 
transcriptase. The cDNA is then exponentially amplified in PCR; and finally is read out by DNA 
binding probes.  
The TR-PCR is tolerant of degraded transcripts, and theoretically RT-PCR is the most sensitive 
method for the mRNA detection and quantification. It is expected to be capable of detecting the 
transcript of any genes, regardless of their relative abundances. However, as a coin have two 
sides, the PCR results is highly affected by the tiny contamination within the experiment; for 
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example, minute amounts of contaminations induced by previously amplified PCR products to 
genomic DNA can result in aberrant results, therefore several steps are needed to avoid this 
pitfall, however, this adds in the complexity of the operation. Furthermore, quantification of the 
transcript using RT-PCR requires an internal control which is amplified simultaneously with the 
interested gene in the PCR. Selection of the internal control is crucial for the quantification. The 
expression level of the control should be constant across all experiments and not influenced by 
the external treatment, and they have to be linearly amplified in the PCR.  
The utilization of internal controls further complicates the quantification of transcripts. Most 
important, these methods (northern blotting and RT-PCR) is hard to quantify the copy of 
transcripts in single cells, cannot provide the cellular heterogeneity of the mRNA expression, and 
cannot offer the dynamic observation of the mRNA within a time window.  
 






1.1.2 Fluorescence in situ hybridization 
 
The former mentioned conventional mRNA detection methods mostly rely on cell extraction 
that inherently destroys the tissue context, failed to understand the spatial and temporal variation 
of mRNA expression levels and localization patterns among different cells in the same tissue, 
which is a true representation of the several phenotypes that exist within a tissue and more critical 
to the assessment of cancer risk, therapy efficacy, and effective prevention strategies. Approaches 
based on in situ Hybridization of transcripts with fluorophore-labeled oligonucleotide probes or 
fluorescence protein tagged RNA-binding proteins are emerging techniques that can obtain the 
intracellular locations and expression levels of mRNA in single cells.[11-15] The unique property 
of this technique is that it provides the information of gene expression at single cell level; 
moreover, it also enable the observation of dynamic temporal profile of interested RNA/mRNA, 
which now becomes a powerful tool to investigate the transcriptional kinetics in living cells. 
In the following section, we review the commonly used hybridization techniques and probes for 




Figure 1.2 Conceptual drawing of the in situ hybridization probes for mRNA detection in living 
cells. (a) Targeting of linear oligonucleotide (ODN) probes for RNA detection. (b) A FRET probe 
consist of two ODN probes labeled with a donor and a acceptor what form a FRET pair. (c) A 
molecular beacon probe with stem-loop ODN hairpin probes with a fluorophore at one end and a 
quencher at the other end for RNA detection. (d) Two molecular beacon probes labeled with a 
FRET pair fluorophores for specific RNA detection. (e) Autoligation FRET probes. Initially-
quenched donor fluorophore dismisses the quencher by ligation upon hybridization to RNA 
molecules, resulting in the FRET signal. (f) RNA probes using coating protein of MS2 fused with 
GFP (MS2-GFP). (g) RNA binding proteins with PFC technique for reporter. (from 
reference[16]) 
 
(1) Linear Oligonucleotide Probes 
The simplest and most direct approach to visualize endogenous RNAs in live cells is to linearly 
target the RNA molecules with fluorophore-labeled oligonucleotide (ODN) probes. (Figure 
1.2a)[17] The expression level and localization patterns of individual RNA molecules in single 
cells can be visualized as diffraction-limited spots in a fluorescence microscopy. To ensure the 
sufficient detection sensitivity, usually multiple fluorescence probes are targeted to the same 
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transcript, or alternatively RNA accumulated in a single location within the nucleus.[16, 18] 
However, this strategy sacrifices the fluorescence emission from individual dyes because firstly 
heavily labelled multiple dyes will interact with each other, resulting in a self-quenching of the 
fluorescence emission,[19] and the non-uniform labeling of multiple oligonucleotide probes 
makes it difficult to identify all fluorescence spots as mRNA transcripts and questionable to 
quantify the mRNA molecules based on the intensity of fluorescence spots.[20] Furthermore, the 
linear ODN probes cannot provide high specific binding of RNA molecules because a partial 
match between ODN probe and target sequences could induce the probe hybridization to RNA 
molecules with multiple genes.  
(2) FRET probes 
Although single oligonucleotide polymorphism can provide detailed in situ information of the 
mRNA transcripts in single cells, the low signal-to-noise ratio and detection selectivity/specificity 
prevent it being used in mRNA detection in cytoplasm. To improve the sensitivity and specificity 
of the detection, novel hybridized fluorescence probes, such as linear Förster resonance energy 
transfer (FRET) probes,[21] is applied to promote the detection of mRNA in single cells. As 
shown in Figure 1.2b, the FRET probe utilizes two complementary ODN probes that are labeled 
with donor fluorophore and acceptor fluorophore on their 5’ and 3’ ends, respectively. The two 
ODN probes are designed to target to adjacent sequences of a RNA molecule so that the 
hybridization can bring two fluorophores into close proximity to transfer energy between them. In 
this design, unbounded ODN probes do not yield fluorescence signal since it is only fluorescently 
emissive when both donor ODN probes and acceptor probes hybridize to the RNA molecules. 
This leads to a significantly improved signal-to-noise ratio compared with the direct linear ODN 
probes. In addition, the selectivity of the detection is highly improved because that two ODN 
probes are required to bind adjacent complementary long sequences of the target mRNA 
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sequence to generate the FRET signal. However, it is not easy to find the right ODN probes 
which can target to different RNA molecules, less than 13 base pairs are allowed between two 
targeting sequences.[22] In addition, the acceptor probes are highly possible to be excited by the 
donor excitation, and the emission of the donor probe can leak to the acceptor channel, 
contributing to the increased background.  
An improved FRET probes is to label an electrophilic dabsyl quencher on the 5’ end of an 
ODN probe together with the FRET donor to initially dismiss the signal of the donor. Upon 
hybridization of both probes to the same RNA molecule, the dabsyl group of the quencher is 
replaced by the nucleophilic group via the nucleophilic substitution reaction. This results in the 
ligated products, with a FRET pair in close proximity on the RNA molecules. This design highly 
improves the signal-to-noise ratio since the unbounded donor probes are highly depressed, 
although the detection specificity and selectivity are the same as the regular FRET probes.  
(3) Molecular beacons  
To effectively suppress the background signal from unbounded probes, the ODN hairpin 
probes, so called molecular beacons, are the most widely used for RNA imaging in live cells.[23] 
As illustrated in Figure 1.2c, a molecular beacon is consist of an ODN loop with one end labeled 
with fluorescent reporter and the other end labeled with the quencher. In the absence of 
complementary hybridization, the molecular beacon forms as a stem-loop hairpin structure to 
quench the fluorescence; upon hybridization the stem-loop opens and physically separates the 
quencher and the fluorophore. This design enables the molecular beacon as a sensitive probe for 
RNA imaging with a high signal-to-noise ratio.  
The major advantage of the molecular beacon is that it exhibits higher detection specificity than 
the linear ODN probe does. However, the detection sensitivity and selectivity are limited by the 
melting temperature of the stem-loop hairpin structure.[24] If the melting temperature goes too 
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high, it is impossible to identify specific complementary targeted RNA molecules and the 
mismatched targets; controversially, if the melting temperature goes too low, only a small portion 
of molecular beacon will bound complementarily to the RNA molecules.  
Similar as the FRET based ODN probes, the sensitivity and specificity of the molecular beacon 
probes can be improved via the FRET concept, as illustrated in Figure 1.2d.[25, 26] The FRET 
molecular beacon probe utilizes two stem-looped hairpin ODN probes, one probe is labeled with 
donor fluorophore, and the other is labeled with acceptor fluorophore; initially both fluorophores 
are inactivated due to the quencher. The ODN sequences of two stem-loops are selected to ensure 
they complementarily hybridize to the RNA molecule adjacently, with a proximate of less than 10 
bases for FRET activation.[26] Although the FRET molecular beacon probe features both low 
background noise and high binding specificity, this approach has very strict requirements on the 
target, it requires large stretches of RNA, with little or no secondary structures.  This is 
challenging, particular when detecting the RNA with a short sequence where a single nucleotide 
polymorphism is accommodated for identification.  
(4) Protein-based probes 
In addition to the ODN probes, the RNA binding proteins (RBPs) which are labeled with 
optical reporters, typically the RBP is fused with green fluorescence protein (GFP), are also 
widely used for RNA imaging at the single molecule sensitivity.[12, 16, 27-29] As shown in 
Figure 1.2 f, the representative RBP-based probe is to co-express a gene which encodes both the 
coat protein of the bacterial phage MS2 fused with GFP (MS2-GFP) and the sequence containing 
tandem repeats of hairpin binding cites for the MS2-GFP in the 3’ untranslated region (3’ 
UTR).[16] In general, multiple MS2-GFP reporters are bounded to the 3’ UTR end of a single 
RNA molecule to ensure the sufficient signal over the background of freely diffusing MS2-GFP 
probes. This multiple binding is different from the case in linear ODN hybridization, where 
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multiple ODN probes hybridize to the sequence of the RNA molecule, requiring the sufficient 
length of the target. The MS2-GFP probes has been widely used to track the dynamics of RNAs 
in live cells with a single molecule sensitivity, offering a great chance to investigate the real-time 
RNA processing, localization, and transport.  
An improved RBPs probe is proposed to reduce the background noise of the MS2-GFP 
approach, where the unbounded MS2-GFPs freely diffusing in cells are also activated by the laser 
excitation. The new method utilizes the concept of protein fragment complementation (PFC),[30] 
in which the initially inactive C-terminal fragment and N-terminal fragment fold into a complete 
protein that is functional, as illustrated in Figure 1.2g. In the absence of hybridization, the probes 
are inactive and no fluorescence signal is observed; upon targeting, the fragment of the 
fluorescence protein folds into a functional protein which yields the fluorescence. Split GFP and 
YFP are the frequently used probes in this method. The PFC probe offers improved signal-to-
noise ratio compared with the MS2-GFP probes; however, neither of these two methods can be 
applied for the detection and quantification of endogenous RNAs.  
    Techniques talked above are applied to promote the detection of mRNA in single cells. 
However, as depicted in [21, 31], most fluorescence based oligonucleotide hybridization methods 
prefer to detect RNAs with low expression level and with relative long sequences,  and the 
targeting oligonucleotides is better to be shorter; therefore, more oligonucleotides can target to 
the transcript to ensure adequate signal acquisition. Low signal-to-noise ratio restricts the FISH 
technique to detect over-expressed RNAs with single molecule resolution sensitivity. In the FISH 
method, multiple fluorescence dyes were heavily labeled on a single oligonucleotide and multiple 
oligonucleotide probes were hybridized to an mRNA target to ensure detection sensitivity.[16, 18, 
32] However, this approach sacrifices the fluorescence emission from individual dyes due to self-
quenching or dye-dye interaction,[19] therefore making the intensity-scaled mRNA quantification 
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at single copy limit questionable. The ideal oligonucleotide probe would be a sequence 
conjugated a single reporter and solely targets on an mRNA copy. My thesis is focused on the 
demand and proposed two types of probes based on the nanomaterials for mRNA detection at the 
single copy sensitivity.  
 
1.2 Nonlinear Microscopy for Single Molecule Imaging. 
 
Nonlinear optical imaging is a special category of biomedical microscopy primarily due to 
several unique properties for each sub-imaging modalities.  In nonlinear optical imaging, the 
nonlinear response of the dielectric polarization P to the electric field E of the ultrafast laser 
excitation is utilized as the optical contrast for microscopy.[33-37] The nonlinear optical signal is 
sensitive to the intrinsic electronic, structural, and vibrational properties of materials, thus several 
nonlinear imaging modalities are developed according to the optical contrast. In this section, we 
briefly describe several typical nonlinear microscopy techniques, including multi-photon 
fluorescence microscopy (two-photon, three-photon), Harmonic generation imaging (Second 
harmonic, third harmonic), Pump-probe imaging (coherent anti-Stokes, Stimulated Raman, 
Transient absorption, photothermal), for single molecules imaging.  
1.2.1 Principle of Nonlinear Optics 
 
Usually for the weak excitation, the incident electric field induces the linear response of the 
polarization of the materials. However, under the intense excitation of a ultrafast beam 
(femtoseconds or picoseconds), the dielectric polarization P of the material has a nonlinear 
response to the electric field E, [38] 
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( )ic  is the ith order optical susceptibility, ( )iP  is the ith order polarization with (1)P  
represents the linear response, such as absorption, reflection,  scattering, and spontaneous 
emission; higher orders represent the nonlinear responses, such as multi-photon process, 
three/four wave-mixing.  
The nonlinear optical process is usually explained with a multi-wave mixing concept, as shown 
in Figure 1.3. The n wavemixing procedure is related with a (n-1)th order nonlinearity. i laser 
beams with the vector 1k , 2k , … and the frequency 1w , 2w , … interact with each other on the 
material (left input in Figure 1-3) will result in an output with the vector ok  and frequency ow . 
This procedure has to satisfy the energy conservation and the momentum conservation, 
1 2
...o ik k k k= ± ± ± ,  and 1 2 ...o iw w w w= ± ± ±                                           (2) 
In equation (2), the choice of signs of vectors and frequencies depends on the intrinsic energy 
diagram of the nonlinear process. i=2 relates to the second order nonlinearity which corresponds 
to the three-wave mixing process, the typical representative is the sum frequency generation 
(SFG) and second harmonic generation (SHG). Nonlinear processes such as four-wave mixing 
(FWM) and third harmonic generation (THG) belong to the third order optical nonlinearity.  
In the last two decades, the nonlinear imaging has grown rapidly under the stimulation of the 
advances in ultrafast laser technologies. Lots of nonlinear spectroscopic approach has been 
combined with scanning imaging setup to develop new imaging modalities. Below we provide a 




Figure 1.3 Scheme of the nonlinear process illustrated with a multi-wave mixing procedure.  
 
1.2.2 Nonlinear Imaging Modalities 
 
    The linear imaging modalities, such as wide-field microscopy, confocal fluorescence 
microscopy, and spontaneous Raman microscopy, encounter several problems such as high off-
focal plane background, low signal-to-noise ratio, small penetration depth, photo-blinking or 
photo-bleaching, et al. These problems can be solved by using the nonlinear optical microscopy 
where the focus volume is much smaller than the one in linear microscopy, therefore the lateral 
resolution is sustained but the axial resolution is highly improved. The excitation lasers for the 
nonlinear imaging are usually working at the near-infrared region, with a much larger penetration 
depth. More importantly, most of the nonlinear imaging processes utilize the coherent procedure 
as the optical contrast, resulting in a stable and unsaturated signal verse the background.  
(1) Multiphoton fluorescence imaging 
The multiphoton fluorescence microscopy is almost the most known and widely used nonlinear 
imaging technique in biomedical applications; it is a powerful tool in deep tissue imaging and live 
animal imaging.[39] Figure 1.4 a-b show two typical multiphoton processes, two-photon (2P) 
fluorescence and three-photon (3P) fluorescence. The electron on the ground state absorbs two 
(three) photons from the excitation consecutively, and jumps to the excited state S1, the internal 
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relaxation happens within the excited states, and finally relax back to the ground state with a 
photon emitted. It should be noted that in the multiphoton process, the excited states are real 
states, while the intermediate states between ground and excited states (dashed lines in Figure 
1.4a) are virtual states.  
Almost all the regular fluorescent probes, including fluorescent dyes and fluorescent proteins, 
can be used for the two-photon fluorescence imaging, with the proper excitation wavelengths. In 
addition, metallic nanoparticles and semiconductor quantum dots are recently highly used in 
multiphoton microscopy due to the special energy structures. The golden nanoparticles are 
excellent candidate for both two-photon and three-photon fluorescence imaging with single 
particle sensitivity.  
Although the multiphoton fluorescence microscopy has several advantages over the regular 
linear optical confocal microscopy, the intrinsic drawbacks of the fluorescence probe still restricts 
its broad applications. The regularly used fluorescent probes, such as fluorescent dyes and 
proteins, are prone to be photo-bleached by the long term illumination; in addition, excitation 
with shorter wavelength (<750 nm) usually brings out photo-toxicity to live cells and organs.  
 
Figure 1.4 Energy diagram of multiphoton fluorescence (a,b) and harmonic generation (c,d). 





(2) Harmonic generation imaging 
A similar diagram of optical nonlinear imaging is the harmonic generation, as illustrated in 
Figure 1.4 c-d. It has the similar energy diagram, but all states except the ground state are virtual 
states. Second (third) harmonic generation is a coherent, and energy conserving process, two 
(three) photons with the frequency w  interact on the sample to create a photon with the 
frequency of 2w  (3w ). Harmonic generation is an intrinsic process which has special 
requirements about the structure of the material. For second harmonic generation, the materials 
are better to have high degree of noncentrosymmetric crystal lattice. SHG is usually observed in 
wavelength-doubling crystals, and nanoscale particles of these crystals are ideal candidate for 
single molecule imaging and detection. In addition, Some biological materials, such as collagen, 
microtubules, and muscle myosin, are also good candidates for SHG signal monitoring.[40-42] 
The Second Harmonic Imaging Microscopy (SHIM) has been used to image collagen and 
membrane structure in live cell.[40] In addition, metallic nanoparticles are also potential 
candidate for the SHG and THG imaging.  
The THG also has a special requirement on the lattice structure of materials. The THG 
microscopy is usually used to investigate the interface effect and heterogeneity of membranes and 
other cellular components.[43] The largest advantage of harmonic generation signal over the 
multiphoton fluorescence is that the photo-stability, high-yield, high-intensity, non-bleaching, and 
non-blinking signals can be observed for hours from the harmonic generation materials.  




Figure 1.5 Energy diagram of the coherent Raman process. left: coherent anti-Stokes Raman 
scattering; Middle: Stimulated Raman Scattering; Right: Spontaneous Raman.  
 
Beyond the optical contrast from fluorescence and harmonic generation, the nonlinear 
microscopy also utilized the Raman signal as contrast for imaging. Despite of the regular 
confocal Raman microscopy/spectroscopy which utilizes the spontaneous Raman for imaging is 
limited by many drawbacks; the current modern chemical imaging methods utilized the nonlinear 
wave-mixing approaches to pursuit fast label-free imaging with a high selectivity. The most used 
coherent Raman imaging modalities are coherent anti-Stokes Raman scattering (CARS) 
microscopy [44-46] and stimulated Raman scattering (SRS) microscopy;[37, 47-52] their 
corresponding energy diagrams are shown in Figure 1.5.  
For CARS microscopy, two beams (pump at frequency of pumpw , and Stokes at frequency of 
probew ) with the frequency difference corresponding to the vibration energy, interact within the 
sample to produce a signal that radiates at the anti-Stokes frequency of 2 pump probew w- . The anti-
Stokes signal is enhanced when the energy different between pump photons and probe photons 
matches with the molecular vibration frequency of W .  
The SRS microscopy utilizes the same pump and Stokes beams as the CARS microscopy, but it 
belongs to the second order optical nonlinearity. As shown in Figure 1.5, if the energy difference 
between the pump and Stokes beam matches well with the vibration energy, the stimulated 
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excitation of pump beam and stimulated emission of the Stokes beam occurs, energy will be 
transferred from the pump to the Stokes beam; this different is very small (<10
-6
), usually the 
phase-sensitive detection scheme is used to extract the optical contrast from the laser noise.  
The most well-known feature of the coherent Raman imaging microscopy is the label-free 
chemical imaging, it utilized the specific chemical vibration bonds to imaging the proteins, lipids, 
water, et al, in live cells and in deep tissues.[49, 53-55] Secondly, the coherent Raman 
microscopy is a high-sensitive tool for vide-rate imaging.[49] Usually the NIR laser beams are 
used for both pump and Stokes beams, this brings out a good penetration into deep tissues, and 
minimal photodamage to the illuminated samples. In addition, the coherent Raman microscopy is 
free of fluorescence; furthermore, the SRS is even free of background due to the utilization of the 
photodiode as the detector. The coherent Raman microscopy has been widely used for imaging 
biomolecules, identifying cancer tumors, and quantitative analysis. [37, 56-61] 
(4) Pump-probe Imaging 
    In a broad point of view, the pump and Stokes beams are usually regarded as a pump-probe 
system. Except the coherent Raman modalities, the pump-probe beam can be used to realize 
several different modalities, including cross-phase modulation, transient absorption, and photo-
thermal lensing effects. Among these nonlinear effects, cross-phase modulation and photo-
thermal lensing effects are related to the third order nonlinearity, while the transient absorption 
belongs to the same category of the SRS process. For the former two imaging modalities, the 
pump beam induces the refractive index change within the irradiated area due to either optical 
kerr effect or photo-thermal effect, therefore the irradiated area functions as a lens to diverge the 
probe beam, resulting in the loss of laser power in the detector. For the transient absorption 
microscopy, the probe beam detects the dynamics of the electrons on the first excited states which 
was pumped by the prior pump beams. The transient absorption microscopy is becoming a 
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imaging tools to investigate the ultrafast dynamics of carriers on single nanostructures and 
molecules.[33-35] 
 
Figure 1.6 Energy diagram of the pump-probe microscopy. Left: cross-phase modulation; middle: 
transient absorption; right: photo-thermal lensing. [from Reference[37]] 
 
1.3 Outline of the dissertation 
 
    This thesis presents the development of novel nonlinear microscopy and new probes for the 
quantitative mRNA detection in single cells and tissues with a single copy sensitivity. It includes 
the development of new imaging systems, fundamental studies of the optical properties of new 
probes, chemical treatment of the probes for the mRNA hybridization, and the quantitative 
detection of the mRNAs in different cell lines and clinical tissue slides.  
    Chapter 2 first addressed single molecule detection of SHG nanocrystals. It starts with the 
description of the fundamental optical properties of SHG nanocrystal BaTiO3. SHG emission 
from single BaTiO3 (BTO) nanocrystals is investigated systematically, including the conversion 
efficiency, polarization response, and emission spectrum. Finally the single molecular detection 
of the BaTiO3 nanocrystal is validated in the second harmonic correlation spectroscopy where 
ultralow concentration of molecules are detected.  
    Chapter 3 presents the second harmonic super resolution microscopy (SHaSM) and its 
application in mRNA detection. Detailed explanation of the SHaSM is described first with the 
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theoretical interpretation of the polarization response of the BaTiO3 nanocrystal. The SHaSM is 
validated by identifying the BTO monomer from the dimer. The BTO nanocrystals are modified 
and conjugated with ODN to form the probe for RNA hybridization; a dimer configuration is 
proposed to improve the specificity of the detection. mRNAs are quantified in HeLa, MCF-7, and 
SK-BR-3 cell lines, with the validation from the RNA FISH experiments. In the end, detection of 
surface markers and mRNAs in tissues are demonstrated using BTO nanocrystals as probes.  
    Chapter 4 reports the application of another nonlinear imaging modality, transient absorption 
microscopy, for the background-free quantification of the mRNA molecules in cells and clinical 
tissues. It starts with the theoretical description of the TAM process, and then introduce the 
fundamental optical properties of the gold nanoparticles in TAM. By chemically treating the gold 
nanoparticles and conjugating with ODN probes, the gold nanoparticles hybridize to the mRNA 
molecules and are visualized in the TAM, together with label-free images of cells obtained in the 




CHAPTER 2 SINGLE MOLECULE DETECTION USING SECOND HARMONIC 
GENERATION 
 
In this dissertation, the BaTiO3 (BTO) nanocrystals (NCs) are used as the major probe for 
mRNA detection, it is essential to understand the mechanism of the SHG signal from the BTO 
NCs. In this chapter, we first described the chemical modifications on the BTO NCs, and then 
theoretically and experimentally investigate its optical properties; finally an example of single 
molecule detection of BTO NCs is demonstrated.   
 
2.1   Barium Titanate Oxide (BaTiO3) nanocrystals 
 
2.1.1 Chemical Modifications 
 
    BTO nanocrystals in powder were gifted by Prof. Paul Bowen (Swiss Federal Institute of 
Technology, Lausanne, Switzerland).[62] Dried powder was first dissolved in water in the ratio of 
10 mg to 100 mL and sonicated for 20 min to obtain mono-dispersed nanocrystals; aggregates 
were excluded by multiple filtrations through 0.2 μm-pore filter membranes. The prepared BTO 
nanocrystals were immersed in 1 M of sulfuric acid for 10 min to remove the surface barium ions 
followed by discarding supernatant after centrifugation (6500 rpm, 20 min). The surface-activated 
BTO was then reacted with 0.1% 3-Triethoxysilyl Propylamine (APTES) dissolved in anhydrous 
ethanol at 70
o
C for 2 hours to functionalize the surfaces as amine. After removing the unreacted 
APTES by centrifugation, nanocrystals were mixed with 2 mM of succinimidyl 4-[N-
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maleimidomethyl]cyclohexane-1-carboxylate (SMCC) dissolved in Dimethyl sulfoxide (DMSO) 
and kept at room temperature for 1 hour. The BTO NCs are visualized in SEM and TEM, as 
shown in Figure 2.1.  
 
Figure 2.1 SEM (a) and TEM (b) images of BTO NCs deposited on the coverslip.  
 
2.1.2 Physical Characterization of BTO nanocrystals 
 
    It is critical to control the mono-dispersibility of BTO nanocrystals in solutions, not only to 
ensure that the antibody or oligonucleotide is able to bind to individual BTO nanocrystal, but also 
to avoid the polycrystalline BTO aggregates which has significant influence on the SHG 
properties.[63] Essentially, surface of the nanocrystals were first coated with amino groups to 
avoid aggregation, and then a maleimide group was added for future antibody/oligonucleotide 
conjugation. The dispersibility of BTO colloidal suspension (Figure 2.2, inset) was evaluated by 




Figure 2.2 Histogram of particle size of BTO NCs investigated in SEM and DLS (inset).  
 
2.2   SHG emission from individual BTO nanocrystal 
 
2.2.1 Origin of the SHG in BTO 
 
    The SHG emission from the nanocrystal is a type of hyper-Rayleigh scattering (HRS); it is 
different from the SHG in bulk materials where the SHG is determined by phase matching 
condition and occurs at the material interfaces. The BTO NCs used in our research has a 
tetragonal crystal structure and belongs to symmetry class 4, which suggests that the SHG 
emission from BTO NCs is determined only by the c-axis of the crystal structure (orientation of 
the oxygen distortion, Figure 2.3(a)).[38]
 
Considering that the size of the BTO NCs (~ 80 nm) is 
much smaller than the excitation wavelength (880 nm), we can take the electrostatic 
approximation,[64]
 
assuming the BTO NCs as a dipole long the c-axis of the crystal structure. In 
addition, we define the incident laser beam propagates along the k axis shown in Figure 2.3, and 
the electric field linearly polarized in the ij plane with an angle of y  to i axis.  
Therefore, the SHG intensity 
SHG
iI  from a single nanocrystal in the i
th
 direction can be written 
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where 
(2)
( 2 ; , )ijkd w w w-  is the second-order susceptibility tensor in Cartesian coordinates in the 
laboratory frame, ( )jE w ( ( )kE w ) is the electronic field of the incident laser beam. Equation (1) 
can be simplified as,  
4 4 (2) 2
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here 0I  is the intensity of incident laser beam. According to equation (2), theoretically one can fit 
the polarization response from the BTO NCs with a sin
4
. In fact, the SHG emission of the 
nanocrystal originates from second-order susceptibility tensor in multiple directions, and three 
Euler angles are needed to depict them. The SHG intensity highly depends on the orientation of 
orientation of the unit cells, small variation (~5
0
) can generate significant changes in 
intensity.[63, 65, 66] Usually the polarization response analysis of the SHG signal is a powerful 
tool to retrieve the orientation of the unit cell, details about how to perform the analysis can be 
found in [63, 65]. However, in our work, it is beyond the scale of our paper, since we are using 
the polar response of the SHG signal for a super-localization application.  
 
Figure 2.3 (a) Lattice structure of symmetric and asymmetric BTO nanocrystal. (b) Energy 
diagram of the SHG procedure. (c) Orientation of the second-order susceptibility tensor 
(2)
ijkc




2.2.2 Single Molecule Imaging of BTO 
 
    The second harmonic imaging microscopy was constructed based on a customized time-
correlated scanning multi-photon microscopy, as shown in Figure 2.4. A Chameleon Ultra Ti-
Sapphire tunable laser (Coherent Inc., CA.) operating in the range from 680 nm to 1080 nm was 
used as excitation. The laser beam was delivered onto the sample by a water-immersion objective 
(60X /1.20, Olympus). Emitted photons were registered in a time-tagged-time-resolved mode by 
the single photon avalanche photodiodes (SPAD) (SPCM-AQR-14, PerkinElmer Inc.) after 
filtration. Polarization response of the SHG signal was recorded by rotating a half waveplate 
(10RP52-2, Newport) on the propagation path of the incident beam. Spectrum was recorded by a 
cooled-spectrometer (QE65000, Ocean Optics Inc.). 
 
Figure 2.4 Instrument for the Second harmonic imaging. 
 
    Figure 2.5 shows a typical confocal scanning image of BTO nanocrystals deposited on the 
coverslip. The strong SHG signal from individual BTO nanocrystals suggest an ultra-high SNR 
(> 10
5





which is several orders of magnitude lower than the tissue damage threshold.[67] More 
importantly, SHG emission from BTO nanocrystals yield a discrete peak at 441.6 nm when being 
illuminated at 883 nm, and the full width at half maximum (FWHM) of the SHG signal (3.9 nm) 
is half of the FWHM of the incident laser beam (8.6 nm). The spectrum width is significantly 
narrower than FWHMs of fluorescent probes, allowing for single molecule detection with high 
SNR. In addition, SHG emission of the nanoscale BTO crystals is generally a non-resonant 
process which offers flexible tunability of excitation wavelengths. In Figure 2.5a we show the 
emission spectra of the SHG signal from BTO nanocrystals excited by different wavelengths, the 
emission intensity agrees well with the corresponding absorption coefficient (Figure 2.5a, inset).  
 
Figure 2.5 Optical Characterization of individual BTO NCs. (a). Emission spectra recorded for 
883 nm, 923 nm, and 953 nm excitation wavelengths. Left inset: absorption spectrum of BTO 
colloidal solutions; right inset: spectrum of excitation laser beam at 883 nm. (c-f) of BTO 
nanocrystals deposited on a glass substrate using different band-pass filters (Chroma), (c), 460-50 
filter; (d), 400-40 filter; (e), 480-10 filter; (f), 520-40 filter. Cross section distribution of below 
two BTO NCs in (c) is shown in (b); inset in (b) shows the excitation power dependent SHG 
signal.   
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2.2.3 Polarization Response of BTO 
 
    An important and unique property of the SHG emission from BTO nanocrystals is that the 
SHG signal has different responses to the polarization angle of the incident laser beam. For a 
single nanocrystal of sub-wavelength size, it can be regarded as a dipole oscillating along the c-
axis of the crystal structure. To analyze the polarization response from the single BTO 
nanocrystal and bi-aggregates of BTO nanocrystals, we characterized the SHG signal under the 
excitation of an 880 nm laser beam. A polarization analyzer (Olympus) was inserted between the 
band-pass filter and the detector. In addition, the acquisition of SHG emission was synchronized 
with the motorized rotation of the half-wave plate in Labview. SHG signal was integrated with a 
binning time of 0.1 s. As shown in Figure 2.6, we observed a dipolar-type response of the SHG 
intensity along X and Y transverse axis when rotating the linear polarization on the XY plane. 
This observation is a clear signature of the single crystalline structure of the BTO nanocrystal, 
and the polarization analysis of the SHG signal is a powerful tool to revoke the three dimensional 
orientation of the crystal structure.
 
 
Figure 2.6 Polarization response of individual BTO NC. 
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    Fluorescence Correlation Spectroscopy (FCS) is a single molecule technique with 
demonstrated applicability to provide significant insights on diffusion dynamics, chemical 
thermodynamics, and kinetics of interaction [68-75] of biomolecules in confined environments. 
The essence of this approach is to detect fluorescence fluctuations of molecules diffusing through 
a focal volume in a femto liter volume. Combined with confocal microscopy, FCS provides 
information on concentration, diffusion time, and binding constants of diffusers at the single 
molecule level.  
However, some limitations compound traditional FCS when probing ultralow concentrations 
(< 100 pM). First, the photon stability and cytotoxicity of fluorophores, such as fluorescent 
dyes,[70] fluorescent nanoparticles (NPs),[76] and quantum dots,[77] pose some constraints on 
reliability. When probing ultra-low concentrations, high excitation power is frequently required to 
obtain high fluorescence emission rates (counts-per-second per molecule), but photobleaching or 
blinking effect of fluorophores could interfere with the fluorescence fluctuation arising from the 
diffraction limited diffusion dynamics that might affect the SNR. Second, the background signal 
due to autofluorescence will interfere with the fluorescence signal, especially in biological fluids 
such as serum or blood and can easily overwhelm the signal from fluorophores. Correlation 
spectroscopic methods that have the potential to detect targets at ultra-low concentrations amidst 
a turbid background will have significant impact in in situ biodiagnostics.  
In this work, we utilize BTO NCs as SHG probes to demonstrate second harmonic generation 
correlation spectroscopy (SHGCS) in a small focal volume (~femto liter) and to provide a 
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theoretical and experimental basis for this concept. Spatial and temporal diffusion behaviors are 




    To derive a basis for SHGCS, we start from the SHG signal fluctuation calculation within a 
small detection volume (~3.05 fL by calibration). SHGCS detects the fluctuation of the total SHG 
signal, H(t), which is generated instantly without any lifetime delay under ultra-fast 
(~femtosecond) laser excitation and proportional to the number of nanoparticles N(t), as a 
function of time, t. H(t) fluctuation occurs as a function of the number of molecules N(t) diffusing 
in the focal volume. In our work, relatively low concentration, for example, sub-nanomolar (~10
-
10
 M) concentration was considered to assure single diffusers. 
The temporal auto-correlation function ( ),G t  under a constant laser excitation, can be 
defined by,  
2
( ) ( )
( )
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=                                                 (3)  
Where ( ) ( ) ( )H t H t H td = - denotes the signal fluctuation at time t, and 
( ) ( ) ( )H t H t H td t t+ = + -  is the fluctuation at time .t t+ ( )H t  is the time-averaged 
signal, and
2
excitation( ) ( ) .H t I tµ A point to note here is that in traditional FCS, theoretical 
calculations are based on the assumption that the fluorescence emission of single molecule 
remains stable within the confocal volume; however some factors are known to influence signal 
fluctuation originating from the diffusing molecules. One is the bleaching and blinking effect, 
especially for some slowly diffusing fluorophores when the bleaching is more obvious. The other 
factor is the triplet dynamics.[71] However, SHG signals are transient and stable enough for 
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hours, thus in the SHGCS, the optical property of the diffusing SHG probes do not change when 
diffusing through the focal volume. Therefore consistent two-dimensional autocorrelation 
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Where 0N is the average number of molecules in the focal volume, Dt is diffusion time, defined 
as
2
0 / 4D r Dt = , here 0r is the beam radius at the focus plane, D is the diffusion coefficient of 
nanoparticle in solutions, 0z is the diffraction length, which together with 0r are determined by 
the system. Fitting Eq. (2) to the autocorrelation data, we can obtain the diffusion time as well as 
the concentration of molecules 0C  from 0 eff 0;N V C= where 
3/2 2
eff 0 0V r zp= is the effective focal 















2.3.3 Results and Discussions. 
By correlating the time-traced SHG signals in Figure 2.7 (a)-(e), we can obtain an auto-
correlation function of SHG signals, shown in Figure 2.7 (f)-(j). By fitting these experimental 
curves using Eq. (4) (dashed red line in Figure 2.7 (f)-(j)) one can estimate the diffusion time and 
average number of nanocrystals in the focal volume. It should be noted that the current theoretical 
model cannot perfectly fit the correlation curve, which can be attributed to two major reasons; 
one is that the particle size variation can lead to the distortion of correlation curve, since the size 
of BTO NCs is around 30~100 nm, and the hydrodynamic diameter is about 57.4±3 nm from 







= B ,k Boltzmann constant; T, temperature; ,h viscosity of the 
solvent; h ,R hydrodynamic radius); the other reason is that the gradient force from the excitation 
laser can induce the bias on the diffuser, although it’s difficult to “trap” the nanocrystal. 
Theoretical fitting indicates that diffusion times of BTO NCs in water solutions at different 
concentrations are similar, and the estimated value was 6.43±0.68 ms; and the estimated 
concentration of BTO NCs at the different levels were 23.8±5.53 pM, 13.7±3.08 pM, 4.96±0.88 
pM, 1.98±0.55 pM, and 0.81±0.04 pM, respectively (Figure 2.8 (a)). The estimated 
concentrations are in good agreement with the experimental concentrations, which are 25 pM, 
12.5 pM, 5 pM, 2.5 pM, and 0.5 pM respectively. The concentration level can be directly 
obtained from the time-traced SHG signals in Figure 2.7 (a)-(e). The number of BTO NCs 
passing through the focal volume decreases with concentration. At a concentration of 0.5 pM, less 
than 10 nanocrystals pass through the focal volume within 2 min. However, upon further 
decreasing the BTO concentration to beyond 100 fM, the number of BTO NCs in the focal 
volume decreases, while the detected concentration from theoretical fitting did not change, at this 
point the noise begins to influence the signal from the nanocrystal, limiting the system to get 
higher amplitude in correlation curve. This indicates that the detection limit of SHGCS can be 
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extended to hundreds of femto Molar. The obtained concentration is much smaller than the 
regular value of dyes or nanoparticles observed from FCS measurements.   
 
Figure 2.7 Time traced SHG signal intensity and correlation spectroscopy of BTO nanocrystals 
dispersed in nanopure water at different concentrations. 25 pM: (a), (f); 12.5 pM: (b), (g); 5 pM: 





Figure 2.8 Estimated concentration of BTO NCs by SHGCS from theoretical fitting.  
 
    To further illustrate the robustness of SHGCS, the diffusion dynamics of BTO NCs was 
demonstrated in a turbid media with high selectivity. The dynamics of BTO NCs were 
investigated in fetal bovine serum (Atlanta Biologicals, GA), shown in Figure 2.9 (a)~(c). The 
time-traced SHG intensity from BTO NCs in Figure 2.9 (a) shows that a signal with very high 
SNR can be recorded against the serum background. It should be noted under 880 nm ultrafast 
laser illumination, that high fluorescence from serum can be recorded in the wavelength range 
550-700 nm. However, the use of the emission filter located at half the wavelength of 880 nm 
will prevent interference from media fluorescence and enable the acquisition of SHG signals for 
estimation of the diffusion time of BTO NCs in serum at different concentrations (Figure 2.9 (b), 
(c)). As a control for SHGCS, the dynamics of Alexa 488 in serum was investigated at different 
concentration by two photon FCS (Figure 2.9 (d)-(f)). Under the same laser irradiation, serum can 
provide similar fluorescent intensity as a 10 nM Alexa 488 (Figure 2.9 (d)) in the wavelength 
range 500 nm-540 nm. From autocorrelation, the diffusion time for autofluorescing serum 
molecules was 0.3243±0.05ms. The diffusion time of pure Alexa 488 in water was about 
0.046±0.002ms, however when investigating the dynamics of Alexa 488 in serum, serum 
molecules will dominate in the correlation curve when decreasing the Alexa 488 concentration 
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(Figure 2.9 (e), (f)). Due to the narrow emission band of SHG signals and little fluorescence 
background in the emission band, SHGCS can provide unique selectivity to monitor SHG 
material/molecules in a turbid media.  
 
Figure 2.9 (a) Time traced SHG signal intensity (black) of BTO in serum and background signal 
intensity (red) of serum solution. (b) Normalized autocorrelation curve of BTO NCs in serum 
with different concentration. (c) Averaged diffusion time of BTO NCs in serum indicates that 
SHGCS is not affected by the turbid environment. (d) Time traced fluorescent intensity of serum, 
10 nM Alex488, and a mixture. (e) Normalized autocorrelation curve of serum as well as 
Alex488 in serum at different concentration. (f) Averaged diffusion time obtained from (e) 
indicates that in FCS a turbid media will affect the fluorophore dynamics. 
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Another key aspect of the experiment is the observation that SHGCS does not give rise to 
triplet states, thus the conventional triplet state dynamics observed in fluorescence correlation, 
does not exist. In our experiment, rhodamine 123 at 5 nM concentration was used as a control to 
compare FCS and SHGCS results. In the derivation of FCS theory, there is an assumption that 
fluorescence signals from molecules diffusing through the laser focal volume is unaltered. 
Although average fluorescence information is obtained from these diffusing molecules for FCS, 
when single molecule experiments are performed, photobleaching and triplet state transitions of 
the diffusers will affect the autocorrelation curve. When analyzing the fluorescence dynamics of 
diffusing molecules through a confocal limited spot, the emitted fluorescent photons are from 
radiative electron transitions originating from singlet excited state S1 to ground state S0, shown in 
Figure 2.10 (a). For most fluorophores, a triplet excited state T1 exists so that some electrons on 
S1 can easily transit to T1, while the transition between T1 and S0 is quantumly forbidden, thus 
longer time is needed for electrons at T1 to relax back to S0. Usually the time needed for transition 
between S1 and S0 is a few nanoseconds (Figure 2.10 (b)), usually referred to as the fluorescence 
lifetime. A single exponent decay fitting of the time-correlated single photon counting (TCSPC) 
data indicates that the lifetime of rhodamine 123 is 4.04 ns. While time in the microseconds scale 
is required for the T1-S0 transition, during which the fluorophore remains in the ‘dark’ state, and 
in the correlation curve a triplet dynamics effect appears, as shown in Figure 2.10 (c). However, 
this ‘triplet dynamics’ does not exist in the SHGCS due to the transient SHG emission, as shown 
in Figure 2.10 (a) and (b). Due to the coherent and phase-matching properties, lattice relaxation is 
not necessary (intra-state transition kintra in Figure 2.10 (a)) to compensate for the momentum 
mismatching during the inter-state transition k21, therefore no time is needed for electrons to relax 
back to the ground state. Thus no lifetime is observed expect for the instrument response time 
(Figure 2.10 (b)). Compared to FCS, SHGCS can provide a better explanation of diffusive 
behavior of nanoparticles in solutions under turbid conditions or when significant 
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autofluorescence exists, because SHG signals are stable and intense, hence accurate estimation of 
concentration and diffusion times of the target species is possible. 
 
 
Figure 2.10 (a). Energy transition schematic of fluorescence (left) showing triplet state and SHG 
(right). (b). Time correlated single photon counting of fluorescence from rhodamine 123 (black) 
and SHG signals from BTO NCs (red). (c). Normalized FCS (black) of rhodamine 123 in water 
showing a triplet state effect under the 465 nm laser irradiation, and SHGCS (red) curve of BTO 
NCs in water showing the diffusion dynamics. 
 
       Our experiments indicate that SHG using BTO NCs enabling a SHGCS technique offers 
exciting possibilities in turbid deep tissue and in vivo imaging and detection because of its strong 
signal in addition to the excitation wavelength which is in the range between 700 nm and 1000 
nm. Therefore SHGCS could be an excellent tool for detecting proteins in ultra-low 
concentrations and even single particle detection. Besides, when functionalized with relevant 
biomolecules, for example, antibody targeting specific proteins in blood or specific cell surface 
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markers, the SHG BTO probes can potentially be used to study targeting of specific cells or 
delivery of drugs in in vivo models.  
2.3.4 Conclusion 
 
In summary, we propose a second order harmonic generation correlation spectroscopy for 
subpicomolar monitoring. Due to the coherent property of SHG, the signal generation efficiency 
is high and so is the intensity. In our experiments, BTO nanocrystals were used as signaling 
probes and its diffusion characteristics in water was studied from the innate SHG signal. 
Theoretical fitting of SHG signals indicates that the characteristic diffusion time is about 
6.43±0.68 ms and the lowest detected concentration is about 0.81±0.04 pM, defining the 
detection limit of SHGCS. Our study also demonstrated that SHG signals with hign SNR can be 
collected and its dynamics monitored even in a turbid media. Materials such as BTO 
nanocrystals, with second order nonlinearity can serve as excellent candidates for single molecule 
detection due to its excellent signal generation efficiency.  
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CHAPTER 3 SECOND HARMONIC SUPER-RESOLUTION MICROSCOPY FOR 
mRNA DETECTION 
     
3.1 Introduction 
 
Far-field light microscopy is the most desirable approach to “visualize” the microscopic world 
inside a cell or live organisms for biological researches. The ubiquitous property of noninvasive 
detection has made it extraordinarily versatile for investigating fine structural details of the 
cellular architecture. In addition, the use of fluorophore further enables the study of subcellular 
dynamics ranging from molecular interactions to intracellular events.  
Despite the revolutionary significance, the conventional far-field light microscopy is restricted 
by the diffraction limit based on the scale diffraction theory,[78] i.e. objects within a diffraction-
limited spot, ~250 nm, cannot be resolved. However, many subcellular structures have features 
much smaller than this limitation, and numerous intracellular dynamics occur within this 
space.[79] Several approaches have been developed to break the diffraction barrier to achieve 
super resolution. One of such efforts is to localize individual fluorescent probes to obtain sub-
diffraction resolution.[80-82] This stochastic super resolution technique features two typical 
properties: the stochastic emission from single fluorescent molecules, and the temporal 
modulation of the emission.[83] These two features can be realized by either repeated photo-
activation or photo-blinking of fluorescent molecules, such as fluorescent dyes, proteins, or 
quantum dots. However, these fluorescent probes can easily undergo photo-bleaching under tens 
or hundreds of activation cycles.[84] Quantum yield and photo-stability restrain the accuracy and 
38 
  
applicability of this super resolution technique.[84] In addition, the blinking of the quantum dots 
limits the application of imaging subcellular dynamics.[83] Furthermore, one-photon excitation 
configuration and total-internal reflection imaging mode used in the stochastic super resolution 
approaches constrain its application in deep-tissue imaging. These limitations demand the 
development of photo-stable probes and novel techniques for super resolution imaging.  
Therefore, we demonstrate a novel second harmonic super resolution microscopy (SHaSM), 
which was constructed on a scanning confocal microscopy platform taking advantage of ultra-
stable second harmonic generation (SHG) signals from nano-sized crystals. Unlike the current 
super resolution approaches which are based on fluorescent emission, the SHaSM collects ultra-
stable SHG emission from individual nanocrystals under the excitation of a two-photon laser 
source, overcoming the drawbacks of optical property (photo-blinking, photo-bleaching, quantum 
yield) and penetration depth of the fluorescence-based super resolution imaging techniques.  
SHG is a nonlinear optical process which converts two incident photons at a frequency ω into 
one photon at frequency 2ω.[38] This process only occurs in materials which lack inversion 
symmetry. Under the illumination of an ultrafast laser, the SHG material emits a transient, high-
intensity, non-blinking, non-bleaching, unsaturated light pulse with an ultra-narrow bandwidth 
(~5 nm).[85, 86] Nano-sized crystals, such as potassium titanyl phosphate (KTiOPO4, KTP),[86-
89] barium titanium oxide (BaTiO3, BTO),[85, 90, 91] lithium niobate (LiNbO3),[86, 88, 89] and 
lithium triborate (LiB3O5, LBO),[86, 88, 89] have been used to track molecular dynamics[68, 92]
 
and utilized for regular and holographic second harmonic imaging microscopy (SHIM)[90] and in 
vivo imaging.[85, 93]  
To demonstrate the applicability of SHaSM, the system design and the super-resolution 
features were applied to detect and quantify over-expressed transcripts at single copy sensitivity. 
It has been established that variation in the transcription of key genes in single cells triggers the 
loss of tissue homeostasis. Methods that can quantify the expression and localize the intracellular 
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patterns of transcripts in single cells will pave the way for single cell screening strategies that are 
rapid, quantitative and clinically significant.[94] The state-of-art techniques to detect mRNAs in 
single cells are based on fluorescence in situ hybridization (FISH),[11-15, 20, 27, 28, 95-98] in 
which fluorophore-labeled oligonucleotide probes[11, 20]
 
or fluorescent protein-tagged RNA 
binding protein (RBP) probes[13] were hybridized to the target transcript making these visible as 
diffraction-limited fluorescence spots under a conventional optical microscopy. However, the 
FISH approach failed to rigorously quantify over-expressed or nascent mRNA due to the 
diffraction-limited imaging tools and the optical flaws in probes. In the FISH protocol, multiple 
fluorescence reporters were heavily labeled on a single oligonucleotide and multiple 
oligonucleotide probes were hybridized to an mRNA target to ensure detection sensitivity. 
However, this approach sacrifices the fluorescence emission from individual dyes due to self-
quenching or dye-dye interaction, therefore making the intensity-scaled mRNA quantification at 
single copy limit questionable. 
In our work, we use BTO NCs as reporters for mRNA detection. Our strategy utilizes the 
concept of dimers formed from the hybridization of two BTO NC-conjugated probes targeting an 
mRNA in a sequence-specific manner. The dimer representing one single copy of mRNA will be 
resolved and quantified by the SHaSM with the spatial resolution of 55.6 nm where it was 
possible to resolve and detect more than one mRNA in a single diffraction-limited spot. This 
method can be applied to rigorously quantify the expression levels and the subcellular 
localization patterns of mRNAs at the sensitivity of single-copy, paving the pathway for 





3.2 Concept of the SHaSM 
 
3.2.1 Instrument and design 
 
The SHaSM is a stochastic super resolution technique, and shares two typical features with the 
localization-based super resolution microscopies: (i) sufficient photons are generated from single 
particles and (ii) stochastic modulation of the emission is possible. Figure 3.1 (a) shows the SHG 
emission from individual BTO NCs deposited on a coverslip, where more than 3000 photons 
could be collected within a dwelling time of 0.6 ms at each pixel. More importantly, the SHG 
emission from single BTO NCs is polarization-dependent. Details about the polarization response 
of the BTO NCs can be found in Chapter 2.2. Experimentally, we modulated the SHG signal 
from the BTO NCs by tuning the linear polarization angle of the excitation beam in the ij-plane 
via a half-waveplate. Figure 3.1 (b) shows the SHG emission from an individual BTO NC, 
marked as “1” in Figure 3.1 (a), with respect to the polarization angle.  
The concept of the SHaSM is depicted in Figure 3.1 (c)-(f). Assuming that a ring consists of 12 
BTO NCs shown in Figure 3.1 (f), single molecule imaging of each BTO NC was realized via a 
conventional second harmonic imaging microscopy (column 1, 2 in Figure 3.1 (d)). Temporal 
images are achieved by controlling the excitation polarization via a half-waveplate (column 2 in 
Figure 3.1 (d)). Since the BTO NCs were stochastically dispersed, the 2
nd
 order nonlinear 
susceptibility tensors of the BTO NCs randomly orient in the 3D space. Therefore, BTO NCs 
randomly emit SHG signal with high efficiency under the excitation of a linearly polarized light. 
For each SHIM image, a point spread function (PSF) (equation 1) was used to localize the 
coordinates of the BTO NC.[99] 
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Where P(x,y) is the 2D PSF on the xy plane, I0 is the background intensity, A is the amplitude 
of the spot, 0x  and 0y  are coordinates of localization, xs  and ys  are width of the PSF in x and y 
direction, respectively. By fitting, the coordinates can be localized with the standard deviation 
smaller than 1 nm (column 4 in Figure 3.1 (d)).[32] Super resolution is therefore realized by 
superimposing all of the fitted coordinates of each BTO NCs into one image (Figure 3.1 (e), (f)). 
The BTO ring which cannot be resolved by scanning microscopy (Figure 3.1 (c)) are identified by 
the SHaSM as shown in Figure 3.1 (f). Figure 3.1 (g) shows the basic layout of SHaSM, which 
was constructed on the bench of a multi-photon microscopy. A Chameleon Ultra Ti-Sapphire 
tunable laser (Coherent Inc., CA.) operating at 880 nm with 140 fs pulse and 80 MHz repetition 
frequency was used as the excitation source. The laser beam was modulated via a half-waveplate 
(10RP52-2, Newport) mounted on a motorized rotation stage (PRM1Z8, Thorlabs) before being 
delivered onto the sample by a water-immersion objective (60X /1.20, Olympus). The SHG signal 
was collected using the same objective and further filtered by a short pass filter and a band pass 
filter (460-50, Chroma) before reaching the single photon avalanche photodiodes (SPAD) 





Figure 3.1 Characterization of optical properties of BTO probes and illustration of the concept of 
SHaSM. (a) SHIM image of individual unfunctionalized BTO NCs on the coverslip. (b) Tunable 





), black spots are experimental measurements, red line is the fitting. (c)-(f) Concept of 
SHaSM. For an aggregate of BTO NCs forming a ring shape (f), in conventional SHIM image 
only one spot is visualized (c); temporal images are obtained in conventional SHIM by the 
control of excitation polarization via a half-wave plate (d); diffraction limited spots of SHG signal 
are fitted by point spread function (PSF) to obtain localizations of each spot (d). Super resolution 
image is obtained by overlapping the coordinates of the temporal images (e,f). (g) Layout of the 
SHaSM instrumention.  
 
3.2.2 Algorithm of the SHaSM 
 
    Since the second harmonic imaging microscopy (SHIM) used in this experiment is an 
objective-scanning system whose movement is controlled by a 3D piezostage, the sample is 
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always set at 15 μm × 15 μm scanning area with the scanning resolution of 150×150 pixels and 
pixel dwelling time of ~0.3 ms for optimal balance between imaging resolution and speed. Each 
SHIM image of the SHG channel was first converted to the intensity-based “gray” image, and 
then filtered by a band pass filter;
6
 then a peak intensity searching algorithm was used to assess 
the pixel with maximum intensity for each spot; next, this “maximum intensity” pixel was then 
used as  initial coordinates for the fitting of a 2D point spread function (PSF) on a spot in the 
SHIM image. Least-squares criterion was used to determine the convergence of the fitting, and 
the PSF fitting provides the following fitted parameters: the center coordinates with standard 
errors of the spot, and amplitude of each spot. For image re-construction, a 2-D Gaussian profile 
was used to represent each spot, which used the obtained coordinates as the center, amplitude as 
the height, and standard error of the coordinate as the width. By super-imposing all the Gaussian 
profiles at different polarization angles, one can obtain the SHaSM image.[100]  
    Theoretically for two BTO NCs which are close to each other, two SHIM images of BTO NCs 
excited by the laser beam at two different polarization angles should precisely localize the 
position of each NC, respectively. However, practically in the SHIM imaging process, the SHG 
emission from individual BTO NC cannot be tuned off absolutely when varying the polarization 
angle. For each polarization angle, although SHG emission from one BTO NC dominates over the 
other, both of these contribute to the signal collection in the detector. Therefore, the coordinates 
of the dominating BTO NC is slightly biased by the dimmer BTO NC neighbor. To correct this 
bias, in the reconstruction of the localization coordinates from all subsequent SHIM images, the 
fitted amplitude of each spot was used in the reconstruction. In our experiment, more than 20 
SHIM images under the illumination of randomly polarized laser beams were collected in one 
iteration and processed to re-construct a super resolution image. In a single iteration, individual 




3.2.3 SHaSM resolving single BTO NCs. 
 
    The polar plot of the SHG intensity from spot “2”, “3”, and “4” which are discussed in Figure 
3.1 (a) are shown in Figure 3.2. It can be observed that spot “1”, “3”, and “4” have the intensity 
variation between “1” and “0” when the polarization angle rotates; while spot “2” has relatively 
constant brightness when the polarization angle rotates. SHG intensity for spot “1”, “3”, and “4” 
can be fitted by equation (2), while the SHG intensity for spot “2” is very complex to fit.  
 
Figure 3.2 (a). Polarization-dependent SHG emission from spot “2” in Fig. 2(b), which is 
complex and cannot be fitted by equation (2). (b), (c) Polarization-dependent SHG emission from 
spot “3” and “4” in Figure. 3.1(b), respectively.  
 
    Figure 3.3 shows the proof-of-concept experiment of the SHaSM, which is validated by 
visualizing the BTO NCs beyond the diffraction limit. BTO NCs shown in Figure 3.1 (b) and 
Figure 3.2 (b) was processed by the SHaSM and leading to a super-resolution image, as depicted 
in Figure 3.3 (e). For better comparison, BTO NC marked as spot “1” was elaborated with SHIM 
and SHaSM images shown in Figure 3.3 (a) and (d), respectively. In addition, BTO NC marked 
as spot “2” was zoomed in as shown in Figure 3.3 (c) and (f). Different from spot “1”, spot “2” 
has a much more complicated emission profile with respect to the incident polarization (Figure 
3.2). This indicates that more than one BTO NC exists in the spot, which is confirmed by the 
SHaSM. Only a single BTO NC was noted in spot “1” (Figure 3.3 (d)), while two BTO NCs was 
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observed in spot “2” (Figure 3.3 (f)). This conclusion is further confirmed by correlating with 
their polarization response, as shown in Figure 3.4. Figure 3.4 (a) and (c) show the polarization 
response of the SHG emission from a single BTO NC, and an aggregate of two BTO NCs, 
respectively, as confirmed by SHaSM images shown in (b) and (d). It can be observed from (a) 
that the single BTO NC exhibits better intensity contrast compared with the SHG emission from 
two BTO aggregates. And the SHG signal from two BTO NCs shows sophisticated polarization 
response, but still keeps the radial symmetry.  
 
Figure 3.3  Proof-of-concept super resolution image of BTO NCs on a coverslip via the SHaSM. 
(a)-(c) Diffraction-limited SHIM images of BTO NCs on the coverslip, (a) and (c) are zoomed-in 
images of BTO NCs marked as spot “1” and “2”, respectively. (d)-(f) Nanoscale images beyond 
the diffraction limit of BTO NCs corresponding to (a)-(c). (g)-(h) Cross-section distribution of 
BTO NCs via SHIM (black) and the SHaSM (red). (g) is for spot “1” and (h) is for spot “2”.  
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To characterize the SHaSM, the cross-sectional distribution of SHIM and SHaSM images are 
plotted in Figure 3.3 (g) and (h) for spot “1” and “2”, respectively. The full width at half 
maximum (FWHM) of spots in Figure 3.3 (a), (c) is ~250 nm the spatial resolution of the SHIM. 
In contrast, FWHMs of spots in SHaSM images are around 28 nm, about 9 times smaller than the 
diffraction limit. In addition, in Figure 3.3 (h), we show that the SHaSM can identify two adjacent 
BTO NCs with a center-to-center distance of 55.6 nm, which is the closest distance between two 
adjacent BTO NCs, as the first demonstration of second harmonic super resolution imaging. Here 
we define the FWHM of a single spot (28.3 nm) as the localization precision of the SHaSM, and 
55.6 nm as the spatial resolution of the SHaSM. It should be noted here that in the SHaSM we 
localized the centroid of the 80 nm crystal, with the localization accuracy of ~ 28 nm. This value 
is smaller than the size of the nanocrystal, and allows us to distinguish two adjunct particles with 
the size of ~ 80 nm. The estimated localization precision stems from the large diameter BTO 
NCs, since the SHG signal is evaluated based on the assembly of all of the unit cells in a single 
particle. This localization resolution can be improved to few nanometers if small NCs are used, 
making the SHaSM a competitive super-resolution imaging approach which has similar 
resolution as other super localization/resolution microscopy based on fluorophores or quantum 




Figure 3.4 Correlation between polarization response and SHaSM images of BTO NCs. (a),(b): 
Single BTO NC; (c),(d): Two BTO NCs.  
 
3.3 In vitro calibration of quantification with SHaSM 
 
    Given the evidence that the SHaSM can resolve single BTO NCs with a lateral resolution of 
~28 nm, we developed oligonucleotide probes with BTO NCs as “reporters” for the detection of 
single mRNA beyond the diffraction limit. Before intracellular mRNA detection via the SHaSM 
approach, we pre-validated the hybridization of monomers to oligonucleotide sequences 
corresponding to a complementary mRNA sequence by in vitro experiments, forming a dimer 
structure. And we calibrate the capability of the SHaSM to differentiate the dimer from the 
monomer.  
3.3.1 Chemical modification and conjugation of BTO NCs 
 
    BTO NCs were initially chemically modified following the protocol in Figure 3.5 (a) and 
described in Chapter 2.1. Then thiol-terminated oligonucleotides were attached onto the surface-
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modified BTO NCs to form a BTO “monomer”. We proposed a “dimer” configuration of BTO 
NCs for mRNA detection instead of linearly hybridizing BTO “monomers” due to the detection 
specificity.  
Three different oligonucleotide strands (TS, PS, and CS) were designed using NCBI Blast and 
these oligonucleotides were purchased from IDT-DNA, Inc. Coralville, IA, USA. 3’-end thiolated 
(probe strand) and 5’-end thiolated (capture strand) oligonucleotides were used for the 
conjugation with BTO NCs, each oligonucleotide is made up of 10 base pairs of linkers along 
with 20 base pairs of complementary sequences. In addition, complementary oligonucleotide, 
target strand, for the probe strand and capture strand was also used here to form an in vitro 
“dimer” structure as a control.  
Probe Strand (PS): 5’-AGAACTGAGATGAGGTGGGGttttttttttC3-3’-/ThiolM/,                                                
Capture Strand (CS): /ThiolM/-5’-C6-ttttttttttGTTCCTCTACCCTAAGTGAC-3’, 
Target Strand (TS): AAGGAGATGGGATTCACTG TCTTGACTCTACTCCACCCC, 
We adopted the protocol of gold nanoparticle hybridization with oligonucleotides previously 
used in our group with minor modifications.[102, 103] DNA oligonucleotides were first dissolved 
in 10:1 TE (Tris-EDTA) buffer to make a 100 µM solution; the disulfide bond of thiolated DNA 
oligonucleotide probe was then broken using a 10 mM solution of TCEP (at room temperature, 
shaking for 10-15 min). These reduced thiolated DNA strands (1 µM) were then reacted with the 
functionalized (thiol-reactive) 1 mL of BTO NCs solution to obtain a 1 mL of DNA-BTO 
conjugate solution (at ~60 
o
C for 30 min to 1 hr). The residual surfaces were finally blocked with 
10 mM mercaptoethanol. Next, the solution was washed with nanopure water (18.2 mOhms, 
MilliQ, Inc.). Finally, the resulting DNA-BTO probes were washed three times with 0.3 M PBS 
to remove unbound oligo sequences. After successful conjugation all prepared probes were stored 
at 4
o
C until further use. 
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For control experiments, BTO dimers in vitro, constituting probe strand conjugated BTO NCs 
and capture strand conjugated BTO NCs were mixed in equal proportions, and then the target 
strand was added in lower concentration than the conjugated BTO NCs (2:1), the mixture was 
kept at a temperature of 60 
0
C which was lower than the melting point of the DNA hybridization. 
Electron microscopy (Figure 3.5) and dynamic light scattering [Figure 3.6] experiments were 
used to characterize the function and conjugation of BTO probes.  
Two different oligonucleotide probes (probe strand (PS) and capture strand (CS)) which possess 
adjacent complimentary sequences to the targeting mRNA are conjugated to the BTO NCs. 3’ 
thiolated end of PS and 5’ thiolated end of CS are connected to the surface of BTO NCs to form 
the two types of BTO “monomers” (BTO_PS and BTO_CS). Finally a BTO “dimer” can be 
formed upon hybridization of the mRNA (Figure 3.5 (b), and (d)). In SHaSM, the “dimer” can be 
easily and visually seen from the images and differentiated from the background of individual 
NCs. 
 
Figure 3.5 (a). A schematic of bio-functionalization of BTO probes used for mRNA detection. 
This includes sequential attachment of functional amino groups, maleimide derivatives and 
oligonucleotide conjugation via highly reactive thiol-maleimide specificity. (b). Diagram of the 
hybridization of BTO dimers. (c) SEM images of BTO monomers and (d) dimers.  
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3.3.2 Characterization of chemically modified BTO NCs. 
 
    Due to the complex chemical properties of BTO NCs and lack of related literatures, extensive 
efforts were expended to optimize the protocol for surface functionalization of BTO NCs to 
obtain stable and mono-dispersed particles. Dynamic light scattering was employed to confirm 
the mono-dispensability and surface modification of BTO NCs. Figure 3.6 shows the size 
histogram of BTO NCs with different surface characteristics, and the average sizes are shown in 
Table 3.1. Histograms of the hydrodynamic diameters of pure BTO NCs (pure BTO), SMCC 
functionalized BTO NCs (BTO_SMCC), and single strand oligonucleotide conjugated BTO NCs 
(BTO_CS), have a distinct peak (reference figure and give the peak value), indicating mono-
dispersibility of these NCs in water. Pure BTO NCs has an average hydrodynamic diameter of 
78.37 nm, which agrees with the measurements from electron microscopy; SMCC functionalized 
BTO NCs have an average hydrodynamic diameter of 81.72 nm, capture strand oligonucleotide 
conjugated BTO NCs have an average hydrodynamic diameter of 98.78 nm. The increase in the 
hydrodynamic diameter resulting from the conjugated molecules on the surface of the BTO NCs 




Figure 3.6 Histogram of the hydrodynamic diameter of pure BTO NCs, SMCC functionalized 
BTO NCs, and capture oligonucleotide conjugated BTO NCs (BTO_CS) in water.  
 
Table 3.1 Distribution of hydrodynamic diameters of different BTO NCs measured by dynamic 
light scattering.  
 
 
3.3.3 Algorithm for finding a BTO dimer in SHaSM 
 
    Finding a BTO “dimer” in the SHaSM image is critical to the quantification of transcripts. The 
BTO “dimer” can be identified based on processing and analysis of SHaSM images assessed by 
the dimer configuration in relation to the distance between a pair of BTO monomers.  
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    First all spots in the SHaSM image were regarded as BTO monomers, and were fitted by the 
PSF function using the method described in Chapter 3.2.1 to acquire the coordinates as well as 
the intensity of each BTO monomer. An intensity threshold (usually 1/10 of the peak intensity) 
was applied to exclude the nonspecific noise, resulting from the halo region of the diffraction 
limited spot and was fitted in the SHaSM image. From the fitting, “false monomers” can be seen 
as several dim spots around the BTO monomer in Figure 3.8. The dimer is determined by the 
distance between two monomers. One monomer was selected by the algorithm as monomer “1”, 
and the monomer that is the closest was chosen as monomer “2”, and then the selected monomer 
“2” scans for its closest neighbor. If monomer “1” was also selected as the closest monomer to 
monomer “2”, this monomer pair was extracted and the distance between them was calculated. 
The algorithm will continue scanning until the whole SHaSM image was calculated. If the 
distance between the monomer pair was smaller than a threshold, which is obtained from the 
center-to-center distance of BTO dimers in SEM images (in this experiment, the threshold was set 
at 150 nm considering the size distribution of the BTO NCs), these two monomers were said to 
form a “dimer”. 
    Another possible approach to determine the BTO dimer would be to first set a threshold, and 
then select the monomer pairs with distances smaller than the threshold. However, this can lead to 
false-positives: for example, assume that in a diffraction-limited spot there are two dimer pairs 
with distances from any two of the total four monomers smaller than the threshold. When 
counting for the existence of dimers, the algorithm might count the number of dimers present as 
six, since six different distance value combinations are possible. To evaluate the robustness of the 
algorithm developed, we spin coated BTO monomers on the coverslip and set different threshold 
to calculate the non-specific dimers or “false dimer”, which is shown in Figure 3.7. Mono-
dispersed BTO NCs has an optimal distance of about 1000 μm between each other; by setting a 
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different threshold, we can obtain the same histogram of the distance between two closest 
monomer pairs.  
 
Figure 3.7 (a) SHIM image of BTO monomers spin coated on the coverslip, (b) corresponding 
SHaSM image of (a). (c)-(f) histogram of the distance between two closest BTO monomers with 




3.3.4 Differentiation of monomers and dimers in SHaSM 
 
The in vitro calibration was performed to validate the SHaSM in differentiating BTO dimers 
from BTO monomers and for quantification. Mixture of BTO monomers and dimers in the ratio 
3:1 were evaluated by SHaSM, and further by SEM as control. Figure 3.8 (a) and (b) shows the 
SHIM image and SHaSM image of the mixture, respectively. The criterion for selecting a BTO 
dimer was based on the center-to-center distance between two monomers bearing the PS and CS 
hybridized to TS with a predefined inter-particle spacing. Details of the algorithm used to detect 
and quantify BTO dimers are described in Chapter 3.3.3. Distributions of BTO monomers and 
dimers separated from Figure 3.8 (b) are shown in Figure 3.8 (c) and (d), respectively; and the 
zoomed SHIM as well as SHaSM images of BTO monomers and dimers are shown in Figure 3.8 
(e)-(h). Results of the distance calculation between two monomers in over 50 BTO dimers are 
plotted in Figure 3.8 (i) and (j). Our analysis shows that the BTO dimers have an optimal inter-
particle distance of around 80 nm with an average at 77.36 ± 2.25 nm. The broad range of the 
inter-particle distance of BTO dimers originates from two aspects, one is the size distribution of 
the BTO NCs, and the other is the geometry of the target strand (or mRNA).[104] As a control, 
the dimer distance measured by SEM has a similar distribution as measured by SHaSM (Figure 
3.8 (i)), t-test shows excellent agreement (p-value is 0.31). In addition, BTO dimers were also 
quantified by SHaSM. Figure 3.8 (k) compares the measured percentage of BTO dimers in a 
mixture of monomer and dimer by SHaSM (left) and SEM (right). In Figure 3.8 (k), left tilted is 
for the mixture with a dimer/monomer ratio of 3:1 and right tilted is for a ratio of 1:0. Our study 
shows that the results from two different evaluations compare well and are in good agreement. It 
should also be noted that in the in vitro quantification, the percentage of measured BTO dimers 
did not agree well with the designed ratio, this is because in the in vitro hybridization, the yield of 
BTO dimers was not 100% and excess BTO monomers were not isolated from dimers. However, 
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for detection in cells, the complementary oligonucleotide probes are expected to bind to the 
targeting mRNA and the non-specific BTO monomers are washed away. Overall, Figure 3.8 (i)-
(k) successfully suggests that the SHaSM can be applied to detect and quantify BTO dimers with 
high accuracy.  
 
Figure 3.8 In vitro calibration of BTO dimers by SHaSM and SEM. (a) SHIM and (b) SHaSM 
image of mixed BTO monomers and dimers (3:1 ratio) on the coverslip. Map of (c) BTO 
monomers (red dots) and (d) BTO dimers (yellow dots) differentiated by the SHaSM.  (e) SHIM 
and (f) SHaSM image of BTO monomers marked as “i” in (a) and (c) zoomed 15 times. (g) 
SHIM and (h) SHaSM image of BTO dimers marked as “ii” in (a) and (d) zoomed by 15 times. 
(i) Histogram of the dimer distance (center-to-center distance of BTO NCs) measured by SHaSM 
(black) and SEM (red). (j) Statistics of the dimer distance characterized by SHaSM (black) and 
SEM (red), inset shows the p-value by t-test. (k) The percentage of dimers measured by the 






3.4 mRNA quantification in cells 
 
    Motivated by the capability of SHaSM to detect single BTO dimers in vitro, we utilized our 
concepts and methodology to quantify mRNA corresponding to the human epidermal growth 
factor receptor 2 (Her2) at the single cell level. It is known that the overexpression of Her2 gene 
is associated with the tumorigenesis of 15-20% of invasive breast cancers and can be targeted by 
antibody based therapies (e.g. Herceptin), whereas Her2-negative tumors require other 
therapeutic alternatives. The expression levels of Her2 mRNA have been used as predictive 
markers for diagnosis or in therapeutics for malignant tumors.[105] Our proposed approach will 
provide quantitative information of the transcripts at single copy sensitivity in single cells. The 
selection of cell lines is based on the estimated expression level of Her2 mRNAs, it’s been 
reported that Her2 mRNA is over-expressed in SK-BR-3 cells, moderately-expressed in MCF-7 
cells, and rarely-expressed in HeLa cells. These cell lines were used as model systems to test the 
technology. 
 
3.4.1 Materials and Methods 
 
(1) Chemicals and Reagents. 
Thiol-modified and simple DNA oligonucleotides were obtained from IDT (Coralville, IA). 
The oligonucleotides were of highest quality, purified either using HPLC or from PAGE gels. 
Succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) was purchased from 
Pierce (Rockford, IL,). Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), Tween-20, 
trisodium citrate dehydrate, Ethylenediaminetetraacetic acid disodium salt (EDTA, (3-
Aminopropyl) triethoxysilane (APTES), Dimethyl Sulfoxide (DMSO), and 0.2 μm-pore PVDF 
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filter membrane were obtained from Sigma-Aldrich (St Louis, MO). Common reagents used in 
this study were of standard research quality, purchased from Purdue University chemical stores. 
(2) Cell culture and incubation with BTO probes.  
The standard culture media used for SK-BR-3, MCF-7, and HeLa was Dulbecoo’s Modified 
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were seeded 
onto the sterilized No. 1 coverslips (VWR International, Batavia, IL) inside a 6-well plate with 
culture medium and maintained at 37 
0
C in an atmosphere of 5% CO2; after reaching 80% 
confluence, cells were rinsed by PBS three times, and then fixed by 4% paraformaldehyde (PFA) 
for 15 min; after being washed by PBS three times, cells were permeabilized by 0.1% Triton-X 
for 2 hours; in the end, cells were washed by PBS. For mRNA detection, fixed cells were 
incubated with functionalized BTO-oligonucleotide probes (probe strand and capture strand at the 
same concentration) at room temperature overnight in the PBS and then washed with gentle 
shaking and stored in PBS at 4 
0
C for SHaSM imaging.  
 
3.4.2 Cellular Imaging of mRNAs 
 
Figure 3.9 shows the expression of Her2 mRNA in SK-BR-3 cells ( (a)-(c)), MCF-7 cells ( (d)-
(f)), and HeLa cells ( (g)-(i)). (a), (d), and (g) are the two-photon auto-fluorescence images, which 
use 780 nm for excitation and 570 - 650 nm for emission; (b), (e), and (h) are SHG channel; and 
(c), (f), and (i) are merged images from both channels. For the two-photon and SHG microscopy, 
laser power was set at 0.21 mW, resulting in an average intensity of 49.5 KW/cm
2
 as well as a 
peak intensity of 5.96 GW/cm
2
 at the focus, which is within the safety threshold for biological 
imaging.[67] Results clearly show that Her2 mRNA is over-expressed in SK-BR-3 cells and 
expressed in very low levels in MCF-7 and rarely in HeLa cells. By comparing the fluorescence 
channel and SHG channel, it can be concluded that all of the mRNAs exist in the cytoplasm of 
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the cell lines, as expected. In the following sections, we detail the quantification of Her2 mRNA 
in SK-BR-3 cells as an example to evaluate the distribution of mRNAs and the capabilities of the 
SHaSM.  
Figure 3.9 (j) shows the zoomed SHIM image of BTO NCs in SK-BR-3 cells marked in Figure 
3.9 (c), and the corresponding SHaSM image is shown in Figure 3.9 (k). The algorithm for dimer 
differentiation was employed to quantify BTO dimers. Briefly all BTO NCs were initially 
identified as red; later any two closest BTO NCs with the center-to-center distance smaller than 
the threshold were selected as BTO dimers, which are noted as yellow dots in Figure 3.9 (l). A 
BTO dimer represents a single Her2 mRNA. From the magnified image of a single bright spot in 
the SHIM image (Figure 3.9 (m)), three mRNA can be identified from the SHaSM image, shown 
as red circles highlighted in Figure 3.9 (n). However, from the SHIM image, only one mRNA was 
noted. Here we should point out that the aggregate of multiple mRNA is not the polycrystalline 
aggregate of BTO NCs, whose polarization responses are significantly different from that of 
single NCs.[63, 65] In our experiments several treatment steps were performed to avoid 
polycrystalline aggregates. First, the surface of BTO NCs was chemically modified to ensure 
mono-dispersibility of NCs in solution, minimizing the possibility of aggregation. Second, the 
chemical groups (-NH2, -SH) on the surface of BTO NCs further prevents the formation of 
polycrystalline structure possible due to aggregation. Last, the spherical shape of BTO NCs 
minimizes the interface contribution from the SHG emission.[38] Thus emission from a single 






Figure 3.9 Detection of Her2 mRNA at single-cell resolution in three different cell lines using 
SHaSM. (a), (d), and (g) are two-photon excited autofluorescence from SK-BR-3, MCF-7, and 
HeLa cells respectively which were incubated with BTO_CS and BTO_PS probes; (b), (e), and 
(h) are the corresponding SHIM images; and (c), (f), and (i) are the merged image of 2P channel 
and SHG channel. (j): Zoomed SHIM image of SK-BR-3 cells incubated with BTO_CS and 
BTO_PS probes marked in (c). (k) SHaSM image corresponding to (j). (l). Mapping of Her2 
transcripts by localization of BTO dimers. (m) zoomed-in single spot in the SHIM image, (n) 
zoomed SHaSM image corresponding to (m). Scale bar: (a)-(i): 20 μm, (j)-(l): 2 μm, (m): 500 nm, 
(n): 200 nm.  
 
Expression levels of Her2 mRNA were counted by the number of BTO dimers. SHaSM 
imaging of the whole cell can provide the quantity of transcripts, as shown in Table 3.2. The 
average number of Her2 mRNA in SK-BR-3 cells measured by SHaSM was estimated to be 595 
± 79.1 per cell. As a comparison, the expression measured by the conventional microscopy was 
282 ± 14.3 per cell, which is more than two times lower than that quantified by SHaSM. The 
discrepancy exists because SHaSM has the ability to resolve multiple mRNAs in a diffraction-
limited spot which otherwise is not possible by conventional microscopy. The magnified SHaSM 
images demonstrate that it is possible to locate more than one mRNA in a diffraction-limited spot 





  Table 3.2 Quantification of Her2 mRNA in different cell lines. 
 Her2_SHaSM Her2_SHIM FISH  
SK-BR-3 595 ± 79.1 282 ± 14.3 353 ± 117 
MCF-7 38.9 ± 8.26 153.1 ± 11.9 13.5 ± 4.9 
HeLa 1.5 ± 2.8 3.4 ± 5.8 5 ± 2.9 
 
    Details of binding specificity are provided by incubating cells with chemically modified BTO 
NCs and BTO dimers. For each cell line, except for incubating the oligonucleotide-bond BTO 
NCs (BTO_CS, and BTO_PS) with cells, chemically-modified BTO NCs and pre-formed BTO 
“dimers” were also incubated with cells as control. Figure 3.10 shows the comparison at these 
three conditions, left channel is the two-photon autofluorescence under the excitation of 780 nm, 
middle channel is the SHG emission under the excitation of 880 nm, and the right channel is the 
merged autofluorescence and SHG image. It is clear that for the two control samples only few 
BTO NCs non-specifically bind to the surface of the cell membrane, most of the free BTO NCs 
was washed away. BTO “monomers” show good specificity of hybridizing to the Her2 mRNA.  
    Similar results show the binding specificity of MCF-7 and HeLa cells are depicted in Figure 
3.11 and Figure 3.12, respectively. Although a minimum nonspecific binding was noted, our 




Figure 3.10 Two-photon autofluorescence images (left column), SHG images (middle column), 
and merged image from the previous two channels (right column) of SK-BR-3 cells incubated 
with surface-modified BTO NCs (upper row), single strand oligonucleotide conjugated BTO NCs 
(middle row), and pre-formed BTO dimers (down row). In the control experiments, few to 
minimum non-specific binding of BTO NCs on the membrane of cells were noted; and the 
preformed BTO dimers were washed away from SK-BR-3 cells. While single strand 
oligonucleotide conjugated BTO NCs specifically binds to mRNA transcripts in the cytoplasm of 




Figure 3.11 Two-photon autofluorescence images (left column), SHG images (middle column), 
and merged images from the previous two channels (right column) of MCF-7 cells incubated with 
surface-modified BTO NCs (upper row), single strand oligonucleotide conjugated BTO NCs 
(middle row), and pre-formed BTO dimers (down row). Minimum SHG signal can be found in 
the cytoplasm or nucleus of MCF-7 cells incubated with surface-modified BTO NCs as well as 





Figure 3.12 Two-photon autofluorescence images (left column), SHG images (middle column), 
and merged images from the previous two channels (right column) of HeLa cells incubated with 
surface-modified BTO NCs (upper row), single strand oligonucleotide conjugated BTO NCs 
(middle row), and pre-formed BTO dimers (bottom row). Only non-specific binding of BTO NCs 
onto the membrane of HeLa cells was observed, indicating the binding specificity of SHG probes 
onto the mRNA transcripts.  
 
3.5 mRNA detection in tissues. 
 
3.5.1 Methods and tissue processing 
 
    Breast cancer tissue slides were gifted from Dr. Sunil Badve in Indiana University, School of 
Medicine. Tissue slides were first deparaffinized by immersing paraffin embedded tissue in 
xylenes (Histological grade xylene, Fisher Scientific, USA) for three times five minutes. The 
slides were then rehydrated in series of ethanol (Pharmco-AAPER, USA) gradient; 100%, 95% 
and 80% each for two times ten minutes. Next, the slides were washed in deionized H2O for one 
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minute, and the excess solutions outside the tissue section were aspirated using kimwipe but we 
prevented the tissue from drying. Subsequently, rehydrated tissue slides were permeabilized with 
10% Tween 20 (Sigma, USA) in Tris-Buffered Saline 1x (BioRad, USA). Antigen retrieval was 
performed by immersing tissue slides into 10mM Sodium Citrate buffer, pH 6, in 90 
0
C for 30 
minutes, and transferred them into cold 10mM, pH6, Sodium Citrate Buffer, and let it cool for 20 
minutes and washed in DI H2O three times. To prevent non-specific binding, the slides were 
treated with goat kit blocking solution for 60 minutes and wash with PBS three times. The slides 
were then incubated with antibody-BTO conjugates or oligonucleotide-BTO conjugates overnight 
on the shaker, to ensuring the probe bindings to the surface marker or mRNA. The next day, the 
section were washed in PBS for three times five minutes and imaged at the same day. 
 
3.5.2 Results and Discussion 
 
    In this work, we internalized the BTO probes in patients’ tissue slides and specifically target 
them on the surface marker or transcripts of cells in the tissue. Meanwhile, DAPI staining was 
also performed to visualize the nucleus of the cell in the tissue. Excitation wavelength for both 
channels (SHG & DAPI) was set at 880 nm, while different emission filters (SHG: 435 – 485; 
DAPI: 500 – 540) were used to collect SHG and DAPI signals. Figure 3.13 shows the localization 
of Her2 surface marker by targeting BTO-Herceptin conjugates. From the SHG channel (Figure 
3.13 b,e), we observe bright SHG spots which presents the BTO nanocrystals; by overlapping it 
with the DAPI image, it can be seen that these bright spots presence at the interfaces between 
cells, corresponds to the Her2 surface marker localization. As a negative control, tissues slide 
were incubated with chemically functionalized BTO nanocrystals ; however, as expected, very 
few SHG spots were observed from the SHG channel except some nonspecific bindings.  
65 
  
    In addition to detecting the surface marker, we also quantify the Her2 mRNA transcripts in 
breast cancer tissues, as shown in Figure 3.14. Each diffraction-limited spot represents one 
location of a Her2 mRNA. It can be observed that the Her2 mRNA not only exists in the 
cytoplasm of the cells, but also occupies several locations in the nucleus. Quantification (Figure 
3.14 c) suggests the heterogeneity of Her2 mRNA at the single cell level in the breast cancer 
tissues. Comparing with conventional FISH method in mRNA quantification, the SHG probes has 
several advantages. In FISH protocols, several fluorescent reporters are labeled on a long 
oligonucleotide and multiple probes are required for a transcript to ensure the satisfactory SNR. 
However, dye-dye interaction or self-quenching of these fluorescent reporters highly affects the 
quantification of the transcript. In contrast, in our design of the oligonucleotide-BTO probe, only 
a single BTO nanocrystal is needed to target on a single transcript with sufficient signal. In 
addition, the FISH approach prefers the detection of transcripts with long sequences which 
enables heavy labeling; but our BTO probes are trouble-free for the detection and quantification 
of the transcripts with a very broad length range. 
    The BTO probes and the SHG imaging strategy are good candidates for detection and imaging 
of single molecules in tissues. First of all, the BTO nanocrystal is not toxic to live cells or live 
organs, and surface functionalization of BTO nanocrystals allows for flexible conjugations with 
oligonucleotide, antibody, protein, and even bacteria, showing the excellent biocompatibility. 
Secondly, the SHG property of the BTO nanocrystal is not affected by the chemical modifications 
or conjugations due to the intrinsic of coherence for the SHG signal. While the fluorescence 
emission from dyes or fluorescent proteins are highly influenced by the environmental factors, 
such as pH, ion concentration, or surface chargers. The high-yield and stable SHG signal 
guarantees the high SNR from even a single BTO nanocrystal. Last but not least, the near-
infrared excitation in the SHG imaging approach allows for deep tissue imaging and detection, 
which is hard for regular single photon confocal microscopy using fluorescent probes. In our 
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experiment reported here, surface markers and mRNAs were detected from single cells 30 μm 
away from the surface of tissue slides.  
 
Figure 3.13 Confocal images of breast cancer tissues labeled with antibody-BTO probes. (a)-(c) 
Tissues were first incubated with bare BTO nanocrystals as a control. (d)-(f) Tissue slides were 
incubated with Herceptin antibody conjugated BTO nanocrystals. Two photon fluorescence 
images from DAPI used to localize the nucleus of the cell are shown in blue in (a) and (d); SHG 
images are shown in green in (b) and (e); and merged images of both channels are shown in (c) 
and (f).  
 
Figure 3.14 Confocal images of breast cancer tissues labeled with oligonucleotide-BTO probes. 
(a)-(c) Control experiment where tissues were incubated with bare BTO nanocrystals. (d)-(f) 
Specific localization patterns of Her2 mRNA in breast cancer tissues detected by oligonucleotide-
BTO probes. Explanation on imaging channels is the same as Figure 3.13.  (g) Quantification of 
Her2 mRNA in single cells of the breast cancer tissue.  
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3.6 Validation with other mRNA detection methods 
 
To validate our SHG probes and detection strategy, FISH experiments were performed along 
with conventional qPCR to compare the expression level of Her2 mRNA in the above cell lines.  
3.6.1 Semi-quantitative PCR 
 
    In this section, we validate the mRNA quantification of Her2 transcripts in the SHaSM via the 
conventional qPCR methods.  
Experimental Method: RNA was extracted from 70% confluent cells (SK-BR-3, MCF-7, and 
HeLa) using RNeasy Kit (Qiagen, Inc) grown under 5% CO2 ventilation at 37
o
C temperature. The 
quality of extracted RNA was tested using 1.8% Agarose gel electrophoresis, and further 
validated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc); samples with RIN 
>8.0 were used for PCR and qPCR analysis. The concentration of RNA was determined and 
checked for quality with a NanoDrop 2000c spectrophotometer (Thermo Scientific, Wilmington, 
DE) and the quality was estimated by assessing the value at 260/280 nm ratio. The 260/280 nm 
ratios of the extracted total RNA samples was in the range between 2.0 to 2.2. The genomic DNA 
fragments present in the total RNA extract were removed using DNA-Free RNA Kit (R1013) 
from Zymo Research, Irvine, CA. For this the total RNA was incubated for 30 min at 37°C with 
DNase I enzyme and washed with a cleaning buffer with Zymo-Spin IC column per 
manufacturer’s instructions. Successful removal of genomic DNA contaminants was checked 
using intron-specific primers after reverse transcription via RT-PCR. Reverse transcription of 
total RNA was performed using iScript cDNA synthesis kit (Bio-Rad, Inc) and qPCR was 
completed using the Fast-I SYBR
®
 Green master mix (Life Technologies, Inc) performed using 
the StepOnePlus instrument (Invitrogen).  
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For qPCR measurements, first a serial dilution series of cDNAs was performed using 1:5 dilution, 
which was used to check the efficiency of primers. From the tests we ascertain that all of the 
primers showed at least 90% efficiency for qPCR analysis. All the reactions were performed at 
300 nM of primer concentrations, and each data point in Figure 3.15 represents an average of 
three independent biological replicates and with three technical replicates. The qPCR reaction 
was performed for 36 cycles and “Ct” values were obtained for the relative comparison of gene 
expression. The “Ct” or threshold of the cycle is a cycle number at which an amplification plot 
crosses this threshold fluorescence level. This Ct value can be directly correlated to the initial 
concentration of RNA in the sample. The ΔCt method was used for comparative quantitation and 
this most commonly used method was used for gene expression analysis. The qPCR results 
shown in Figure 3.15 are highly consistent with the quantification obtained from the SHaSM 
method (Figure 3.9 and table 3.2) as well as the FISH method which will be discussed in chapter 
3.6.2. In general, the expression level of Her2 mRNA is significantly higher in SK-BR-3 cells 
than in either MCF-7 or HeLa cells. To conclude, the qPCR experiments confirmed the validity 

























Figure 3.15 qPCR quantification of Her2 mRNA in SK-BR-3, MCF-7, and HeLa cells. All of the 




Table 3.3 Primers used in qPCR.  
  
 
3.6.2 RNA quantification in FISH 
 
    RNA FISH is another powerful method, in addition to PCR, that can be used to quantify 
mRNAs in single cells. In this section, we use commercial RNA FISH probes to detect and 
quantify Her2 mRNA in single SK-BR-3, MCF-7, and HeLa cells to validate our second 
harmonic super-resolution single cell quantification strategy.  
Experimental Method: Stellaris
®
 FISH probes recognizing Her2 (ERBB2) mRNA and labeled 
with Quasar
®
 570 dye (SMF-2010-1, Biosearch Technologies, Inc., Petaluma, CA) were 
hybridized to SK-BR-3, MCF-7, and HeLa cells, following manufacturer’s instructions available 
online at www.biosearchtech.com/stellarisprotocols with  some modifications. Briefly, SK-BR-3, 
MCF-7 and HeLa cells were seeded onto #1 coverglass and grown in DMEM/F12 medium 
supplemented with 10% fetal bovine serum and 1% antibiotics (100 IU/ml penicillin and 100 
µg/ml streptomycin) at 37 ºC. Upon reaching ~70% confluence, cells were taken for fixation with 
4% paraformaldehyde, followed by permeabilization with 70% ethanol for 1 hour at 4ºC. 
Stellaris
®
 RNA FISH probes labeled with Cy3 were purchased from Biosearch Technologies, Inc. 
Hybridization buffer containing 100 mg/ml dextran sulfate, 10% formamide, 2× SSC and 125 nM 
probe was used for overnight incubation in the dark at 37 ºC. The coverglass was washed with 
10% formamide in 2× SSC and counterstained with DAPI. After final washing, the coverglass 
was mounted onto a clean slide using Vectashield mounting medium and sealed by nail polish. 
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RNA and nuclei imaging was obtained with a confocal microscope (Zeiss LSM 710) with the 
excitation laser lines 405 nm (for DAPI) and 561 nm (for mRNA). Her2 mRNA was quantified 
by counting the diffraction limited spots in the FISH image with the software ImageJ. 
    Figure 3.16 presents a typical RNA FISH image showing the expression levels and localization 
patterns of Her2 mRNA in SK-BR-3, MCF-7, and HeLa cells. For MCF-7 and HeLa cells, 
sparsely-distributed red dots were found in the cytoplasm as well as in the nuclei of cells, all of 
these dots has similar fluorescence intensity and are optically diffraction-limited. Quantification 
results from these spots are listed in Table 3.2. Results indicate that the average number of Her2 
mRNA in HeLa cells is about 5 ± 2.9, which is in agreement with the results obtained from 
developed SHG reporter based RNA probes, and it also agrees well with other published/reported 
results.
7
 The average number of Her2 mRNA in each MCF-7 cells is about 13.5 ± 4.9 from the 
FISH experiment. Similar results were obtained from in the reported work and our SHaSM 
techniques. 
    As expected, the Her2 mRNA is over-expressed in SK-BR-3 cells, and its localization can be 
seen in the cytoplasm and in the nucleus, similar localization patterns were also reported. 
Quantification results indicate that the average number of Her2 mRNA in SK-BR-3 cells is about 
353 ± 117 per cell, which matches the quantification results with SHG probes via conventional 
SHIM microscopy, and agrees with the reported results.[108] However, it should be noted that in 
the RNA FISH image of Her2 mRNA in SK-BR-3, not all the red spots are diffraction limited, 
this is especially true for the mRNAs at the junction of cells; these spots are quantified as one 
mRNA during processing by ImageJ, while it is highly possible that there are more than one 
mRNA in the spot. The conventional diffraction-limited optical microscopy will not account for 




Figure 3.16 Expression levels of Her2 mRNA in SK-BR-3, MCF-7, and HeLa cell lines via RNA 
FISH  
 
3.6.3 Indirect protein quantification 
 
    The expression level of Her2 protein was evaluated as a biological validation step.[109] SK-
BR-3, MCF-7 and HeLa cells were seeded onto #1 coverglass and grown in DMEM/F12 medium 
supplemented with 10% fetal bovine serum and 1% antibiotics (100 IU/ml penicillin and 100 
µg/ml streptomycin) at 37 ºC. When  the cells reach ~70% confluency, they were taken for 
fixation with ice-cold 4% paraformaldehyde for 10 minutes, followed by blocking with 5% goat 
serum and 0.3% TritonX-100 in 1×PBS for 1 hour at room temperature. 1:500 diluted Her2 
antibody (Cell Signaling Technology, Inc.) in PBS containing 1% BSA and 0.3% TritonX-100 
was used for overnight incubation at 4 ºC. After 24 hours the cells were rinsed three times with 
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fresh PBS and further stained with 1:1000 diluted Alexa546 labeled secondary antibody (Life 
Technologies) for 1 hour. Cell nucleus was counterstained with DAPI prior to imaging. Epi-
fluorescence images were obtained with an Olympus IX71 inverted microscope fitted with a 
mercury lamp. Figure 3.17 shows the typical expression of Her2 protein in different cell lines. 
Her2 protein is composed of plasma membrane-bound receptor tyrosine kinases, and has been 
shown to form clusters in cell membranes. As depicted in Figure 3.17, Her2 protein accumulates 
on the membrane and exists in the cytoplasm of SK-BR-3, MCF-7, and HeLa cells. Furthermore, 
the membrane accumulation in SK-BR-3 cells is significant than in MCF-7 cells and HeLa cells, 
which agrees well with the quantification results of Her2 mRNA in these cell lines. It’s been 
reported that the expression of Her2 gene and protein have good concordance in breast cancer 
cells,
11
 thus the immunofluorescence staining of Her2 protein can be an indirect support to 
confirm the expression levels of Her2 mRNA in the cell lines evaluated.   
 
Figure 3.17 Expression levels of Her2 proteins in SK-BR-3, MCF-7, and HeLa cell lines. Scale 





Overall, the SHaSM approach offers significant accuracy and specificity compared to the 
conventional diffraction-limited detection methods for transcript quantification in single cells, 
especially for cells with highly expressed mRNA transcripts. The theoretical maximum number 
of SHG probes detected by the SHaSM is about 8~10 in each diffraction-limit spot (~ 250 nm in 
diameter), resulting in a probing range of approximately 40~50/μm
2
, suggesting the theoretical 
quantification limit of 10000-15000 transcripts per cell. Furthermore, this quantification limit can 
be extended with a polarization analyzer (typically inserted before the detector) to improve the 
contrast between different polarization angles. By SHaSM we will have the ability to “see” 
individual BTO NCs and thus “visualize” single mRNA, which is almost impossible by other 
super resolution microscopy techniques due to the optical constraints posed by fluorescent 
probes. It is worth noting that in our design the SHG probes have minimal requirements on the 
length of the targeting mRNA, and hence are suitable for the detection of any single mRNA with 
a short sequence length; in addition, only two BTO NCs (BTO_CS and BTO_PS) are required to 
target each transcript to detect and quantify Her2 mRNA, this design is also possible to be 
implemented via plasmonic nanoparticles[110] and hyper-spectral super resolution 
approach.[111] 
The localization precision and lateral resolution of SHaSM in our experiment was estimated to 
be ~28 nm and ~56 nm; but in theory these two values can reach single digits. In a typical 
scanning image with a 200 ms dwelling time, N = ~2000 photons can be collected from a single 
BTO NC, to yield the theoretical spatial resolution as .[112] However, in our experiment, 
the lateral resolution is restricted due to the volume of the BTO NCs. In addition, the SHaSM also 
has the potential for rapid imaging. By optimizing the photons collected in each pixel, we can 
improve the scanning speed of the SHIM image to 500 frames per second, but still with high SNR 
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ratio (>100). Even if every 50
th
 SHIM image is processed to obtain a super-resolution map by the 
Second Harmonic Generation process, at least 10 frames of the super resolution SHG image can 
be realized per second, which is sufficient to monitor the dynamics of intricate intracellular 
behavior compared to the non-fluorescent approaches.[110, 113-115] Furthermore, we anticipate 





To summarize, in this chapter, we present a SHaSM platform by taking advantage of SHG 
signals from BTO NCs to demonstrate single molecule sensitivity at a resolution of a few tens of 
nanometers. In vitro experiments consistently demonstrate the capability of SHaSM to 
differentiate two individual BTO NCs separated by a center-to-center distance of 55.6 nm with a 
localization resolution of ~28 nm. The BTO NCs were functionalized with complementary 
oligonucleotide sequences to hybridize with target specific mRNA for visualization at super-
resolution scale and quantification at single copy sensitivity. The SHaSM approach 
conceptualized was utilized to not only visualize the localization patterns but also to quantify the 
expression levels of individual human epidermal growth factor receptor 2 (Her2) mRNA in fixed 
SK-BR-3, MCF-7, and HeLa cell lines, suggesting that the number of copies of Her2 mRNA in 
the respective cell lines were 595 ± 79.1, 38.9 ± 8.26, and 1.5 ± 2.8, respectively, and was in good 
agreement with the theoretical calculations and validated with FISH and qPCR experiments. We 
expect the quantification technology will allow scientists to “see” individual mRNA transcripts 
inside a single cell and to elucidate gene expression patterns in specific phenotypes at different 
stages of tissue differentiation. Such knowledge will be paramount for human health as defects in 
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transcription adversely affect normal growth and differentiation, which will impact both clinical 





CHAPTER 4 BACKGROUND-FREE QUANTITATIVE DETECTION OF SINGLE 
mRNA MOLECULES IN TRANSIENT ABSORPTION MICROSCOPY 
 
    Single molecule detection is highly affected by the background noises of the biological 
environment, such as autofluorescence or Rayleigh scattering in cells or tissues. In this chapter, 
we report the utilization of gold nanoparticles (AuNPs) as an orthogonal probe for background-
free detection of single molecules with a transient absorption microscopy (TAM), and validate the 
approach by quantitatively detecting human epidermal receptor 2 (Her2) mRNA in cancer cells 
and tissues. The TAM is expected to strength the power of the single molecule detection in turbid 




    It has been established that variation of the transcription of key genes in single cells occurs to 
trigger loss of tissue homeostasis, and the development of different gene expression profiles 
contributes to cellular heterogeneity within individual tumors. Rigorous quantification and 
localization of these genetic profiles at the single molecule sensitivity will promote the 
identification of cancer stem cells and provide references for the cancer prevention and therapy, 
but the quantification of the transcripts in single cells with the single copy sensitivity still remains 
challengeable due to the background noise and low signal-to-noise ratio (SNR). Despite the 
conventional RNA detection methods which provide only averaged gene expression information  
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from cell populations or whole tissues, recently the fluorophore-labeled oligonucleotides or 
fluorescent protein-tagged RNA binding protein (RBP) are highly employed to study the single 
molecule transcriptions based on the in situ hybridization.[11, 13, 14, 20] However, this 
fluorescence in situ hybridization (FISH) approach yields the signal from a single transcript 
which is prone to be interfered by the background of autofluorescence, especially in tissues where 
flavins and porphyrins gives comparable natural fluorescence as regular fluorophores do.[116] It 
is urgent to find a new detection approach or a proper detection probe to suppress the 
background, or dismiss the background, for the localization of transcripts with single copy 
sensitivity.  
The alternative is the probe which yields the optical contrast other than the fluorescence. We 
have employed the nanoscale BaTiO3 monocrystals, which are known for the nonlinear second 
harmonic generation, as reporters for super-resolution quantification of mRNA.[117] But the size 
of the BaTiO3 nanocrystal (~100 nm) restricts the broad applications in live cells and tissues since 
special membrane or nucleus permeabilization is required on fixed samples. The other choice of 
candidacy is the gold nanoparticles (AuNP) with a moderate size of ~30 nm. The AuNP is of 
great interest and is notably studied because of the strong localized electronic fields, resulting in 
the remarkable plasmonic scattering signals, which enables single-particle detection of high 
sensitivity with a dark-field microscopy.[113, 118] In addition, the AuNP networks also enhance 
the chemical vibrations and Rayleigh scattering of molecules in the vicinity, making the single 
molecule detection possible.[119] To this end, the plasmonic resonance of AuNPs has been 
utilized to detect the dimerization of AuNPs,[120, 121] which has much higher scattering 
intensity and distinguishable spectrum than the single AuNPs. And this design was selected to 
acquire the real-time dynamics of alternative splicing of transcript variants in live cells.[110] 
Although this plasmonic dimer-based approach using hyperspectral dark-field microscopy is a 
powerful tool to detect protein, DNA, and even RNA with single molecule sensitivity, 
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background scattering signals from the cell components often interfere the identification of 
targeted AuNPs and become the obstacle for the correct quantification since the scattering cross-
section is proportional to the square of the particle’s volume.[122] (Figure 4.1) 
 
Figure 4.1 The influence of scattering of cell components on the detection of AuNPs in darkfield 
microscopy. (a) Hyper scattering image of MCF-7 cells incubated with bared AuNPs. It is hard to 
differentiate the AuNP since they are imburied in the scattering of components of a cell. (b). 
Typical scattering spectra of an AuNP (1) and cell components (2) marked in (a).  
 
In this chapter, we demonstrate the background-free detection of AuNPs in biological 
environment with a new imaging modality, transient absorption microscopy (TAM). The TAM 
belongs to a femtosecond pump-probe microscopy, which is a mature technique in ultra-fast 
spectroscopic measurements.[123, 124] With the integration of the scanning microscopy, the 
TAM imaging module has recently become a flexible ultra-sensitive detection approach of single 
nano-objects, including semiconductor and metallic nanostructures,[125-127] nanoscale carbon-
based materials,[128, 129] and nanodiamonds.[130, 131] Instead of obtaining the fluorescence or 
Rayleigh scattering contrast from these nano-objects, the TAM usually brings out the optical 
contrast based on the nonlinear absorption of targets. In our research, we conjugate the AuNPs to 
the oligonucleotide sequence as reporter for the mRNA, and selectively image these AuNPs in the 
TAM without the background of biological substances, such as cells or tissues.  
79 
  
4.2 Optical Property of AuNP in the TAM. 
 
4.2.1 Carrier dynamics of AuNP 
 
    Different from the linear optical process happens on an AuNP under weak excitation of visible 
light, absorption of the intense and ultrafast light pulses, and the following relaxation process is a 
sophisticated procedure, which has been investigated for decades.[118, 124] For nanoscale 
AuNPs, there is high density of empty electronic states at the Fermi level, (Figure 4.4) therefore 
the electrons has the high possibility to transit to the Fermi surface from or above the 5d band. 
    The response of an AuNP to the femtosecond pulses is a nonlinear process, which is depicted 
in Figure 4.2. The absorption from the excitation pulses of the AuNP leads to the oscillation of 
the conduction electrons, so called plasmons, which can be regarded as the superposition of many 
electron-hole pairs around the Fermi energy level. The dephasing of the plasmon through electron 
surface scattering leads to the absorption of photons, and this process is quite fast, in the range of 
10 femtoseconds. (Figure 4.2) The following recombination of electron and hole pairs can go 
through both nonradiative and radiative decay pathways. The radiative decay of the electron-hole 
pairs results in the fluorescence emission from the AuNPs with a typical time scale of few 
nanoseconds, so called fluorescence lifetime. However, in the last few decades, what is most 
investigated is the nonradiative decay pathway of electron-hole pairs of an illuminated AuNP.  
    Following the absorption of photons, the eletron-hole pairs quickly loss the coherence and 
converts to individual electrons and holes over the conduction band. This procedure is called 
electron-electron cooling/scattering with a typical temporal range of 100 femtoseconds. 
Meanwhile, electrons also convert the energy to the lattice via the electron-phonon interaction 
with a temporal scale of about few picoseconds. Therefore, the distribution of the electrons is 
affected by the vibration of phonons to the enviromental lattice, which is in the range of 10-50 
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picoseconds. Eventually the electron-phonon coupling leads to the disspation of thermal energy to 
the environment, which happens in the range of hundreds of picoseconds. These events discussed 
above are illustrated in Figure 4.2 with typical temporal scales noted.  
    These ultra-fast events can be detected by a consecutive laser pulses. As discussed in last 
paragraphs, the excited electrons after absorbing the first laser pulse are mostly in the close 
vicinity of the Fermi energy level, above which all states are empty. Therefore, there is high 
possibility for the excited electron transit to higher energy levels after absorbing the second pulse. 
This procedure is named as transient absorption process, resulting in the energy loss of excitation 
beams within a short time range. And the first pulse is usually called pump, and the consecutive 
pulse is the probe.  
    The femtosecond ultrafast pump-probe spectroscopy is a standard tool to measure these events. 
Figure 4.5 mainly shows the e-ph interaction with a typical time of 1.97 ps when fitting with a 
exponential decay curve, this value is usually called as the lifetime of carrier density of the metal 
nanoparticles. To measure the vibration of phonons and the heat transfer process, one needs to 
extend the temporal detection range to hundreds picoseconds, as shown in Figure 4.2. Damping 
of the phonons can be observed from the decay curves, showing an increasing damping time from 




Figure 4.2 Response of an AuNP to the ultrafast pulses. (a) Relaxation dynamics and the 
approximate time scales of AuNPs after absorbing a femtosecond laser pulses. e-e: electron-
electron scattering; e-ph: electron-phonon scattering; ph: phonon vibration. (b) Measured 
temporal response of the pump-probe signal with respect to the delay between pump and probe 
pulses.  
 
4.2.2 Transient Absorption Microscopy 
 
    The scheme of the pump-probe scanning mciroscopy is depicted in Figure 4.3. A portion of the 
laser beam from femtosecond Ti:Sapphire laser (Chameleon Ultra, Coherent Inc.) working from 
680 nm to 1080 nm with the pulse duration of 170 fs and repetition frequency of 80 MHz was 
used as pump beam, and the other portion of the beam is directed to an optical parameter 
oscillator (OPO, Compact OPO, Coherent Inc.) to produce the synchronized probe beam, which 
has a tunable range from 1000 nm to 1500 nm and is independent from the pump beam. The 
pump beam and probe beam are spatially overlapped with a dichroic mirror (z1064rdc-sp, 
Chroma); the pulse trains of pump and probe beams are temporally overlapped with a home-made 
delay stage, and the delay time between pulse trains of pump and probe beams is tuned with a 
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resolution of 30 fs. In our experiments, we set the pump beam working at 800 nm, and the probe 
beam is tuned from 1000 - 1200 nm within the OPO.  
Before entering the microscope, the probe beam is modulated with the acoustic-optical 
modulator (AOM, 3080-122, Crystal Technology, LLC) which is dirven by a sine function with 
frequency of 2.42 MHz to avoid the laser shot noise; and the first order diffraction beam was 
selected with the modulation depth of 100%. A half waveplate (10RP52-2, Newport) is located on 
the path of probe beam to ensure maximum signal.  
Collimated pump and probe beams are free-space coupled to a modified laser scanning unit 
(C1, Nikon) which is hooked on an inverted microscope (IX71, Olympus); both beam are directed 
to the microscope by a short-pass dichromic mirror (680dcspxr, Chroma). Optical path is adjusted 
and proper focus lens are chosen to ensure the projection of the scanning mirror is on the back 
pupil of the water-immersed objective (UPlanApo/IR, Olympus; 1.2 NA, 60x), and the beam size 
fills the back-aperture of the objective. Light transmits throught the sample and is collected with a 
60x 1.3NA oil objective (UPlanSApo, Olympus) as condensor; care should be taken to ensure the 
conjugation of excitation objective and condensor. A telescope is used to project the scanning 
mirror onto the detector (photodiode) to avoid the movement of beam when scanning.  
Since the probe beam was highly modulated, to avoid its influence on the detection of pump 
beam, three high OD bandpass filters (ET810/90m, Chroma) are used to block the probe beam. 
Transmitted pump beam is detected by a large-area photodiode (FDS1010, Thorlabs), which is 
reversely biased of 48 V. The output current is terminated with 50Ω resist and then is connected 
to a high-frequency lock-in amplifier (SRS844RF, Stanford Research Systems), which 
synchronized with the modulation frequency and is used to demodulate the pump-intensity. The 
in-phase component output of the lock-in amplifier is fed into the input of control unit of the 
scanners. The pump-probe microscopy is working in a beam-scanning mode. To avoid the cross 
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talk of pixels, pixel dwell time (32.00 µs) is selected larger than the reciprocal of the modulation 
frequency (2.42 MHz). The images are processed in ImageJ.  
 
Figure 4.3 Schematic diagram of the pump-probe setup. OPO: optical parameter osscilator; 
AOM: acoustic-optical modulator; Lock-in: lock-in amplifier; PD: photodiode; PC: personal 
computer. 
 
4.2.3 AuNP as the Orthogonal probe 
 
The most essential element in this work is the ultrafast optical properties of the AuNPs upon 
the absorption of a femtosecond pulses. Due to the high density of empty electronic states around 
the Fermi energy level (Figure 4.4 a), the plasmons of the AuNP because of the absorption of a 
laser pulse fastly dephases as the superposition of electrons and holes around the Fermi 
level,[132] (Figure 4.2a) i.e. absorption of pump beam in Figure 4.4 a. The following 
recombination of electron-hole pairs can undergo either radiative decay via the emission of 
photons, i.e. one/two photon fluorescence, or a much complicated nonradiative decay, to the 
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ground state.[133] The nonradiative decay path usually dominates due to the dielectric loss of 
AuNP in the visible range. In the nonradiative recombination procedure of electron-hole pairs, 
electrons on the excited states would transfer their energy to the environment vibrations via 
electron-phonon (e-ph) interaction or phonon-phonon (ph) interaction (Figure 4.2a) with the 
characteristic time of ~1 ps or ~10 ps, respectively.[134, 135] (Figure 4.2b) During this time 
scale, the electron on the first excited state still has the chance to transit to higher energy state by 
absorbing light from a second pulse, i.e. probe pulse. As indicated in Figure 4.4 a, the transit from 
the first excited state to the high state is called transient absorption. Another typical nonlinear 
process which happens accompanying the TAM is the stimulated Raman scattering (SRS) 
process.[47] It occurs when the wavelength of pump and probe beams matches well with the 
chemical vibration frequency of molecules. (Figure 4.4a) The SRS is rising up as a powerful tool 
for label-free imaging of bio-molecules in cells or live organs.[37, 136] 
The optical contrast in TAM and SRS originates from the energy loss or gain of either pump 
beams or probe beams. Figure 4.4b shows the energy transfer process happening between pump 
and probe beams. The transient absorption process will transfer the photon energy of both pump 
and probe beams to the environment, i.e. -∆Ipump and -∆Iprobe in Figure 4.4b; as a comparison, the 
SRS process transfer the energy of pump beam to the probe beam, i.e. -∆Ipump (stimulated Raman 
loss, SRL) and ∆Iprobe in Figure 4.4b (stimulated Raman gain, SLG). Since the transient 
absorption process allows for the relaxation of the electrons which can last for few picoseconds, 
while the SRS requires exact temporal overlap of pump and probe beams, one can switch between 




Figure 4.4 Schematic design of single mRNA detection using transient absorption microscopy. (a) 
Left: energy diagram of the transient absorption. Primary absorption of the pump beam happens 
between the ground state (5d) and the first state (E1, around the Fermi level), within the scattering 
time of electron and phonons (e-ph), the transient absorption of probe beam happens between two 
excited states (E1 and E2). Due to the empty states above the Fermi energy level, there is no 
saturation for this absorption process. Right: stimulated Raman process using the same pump-
probe configuration. Absorption of the pump beam promotes the electron to a virtual excited 
state; the frequency of the probe beam matches well with the energy difference of the virtual state 
and vibration state, resulting in the stimulated emission of the probe beam. (b) Detection scheme 
of the TAM and SRS processes. The probe beam was modulated at moderate frequency (MHz), 
resulting in the amplitude modulation of pump beam which can be detected by the lock-in 
amplifier. For the TAM process, and temporal difference between pump and probe pulses is tuned 
by the delay stage; for SRS process, pump and probe pulses has the same temporal profile.  
 
First we characterize the optical property of AuNPs in the TAM. As stated in above 
paragraphs, the most essential element in our background-free detection with the TAM is the 
relaxation dynamics of the AuNP. As indicated in Figure 4.5a, in the beginning 5 ps after the 
absorption of pump pulses, the TAM signal decays exponentially with the time (inset of Figure 
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4.5a), theoretical fitting yield a characteristic time of 1.97 ps. After 5 ps, the TAM signal infers 
the oscillation, which represents the vibration of phonons, and can be seen in Figure 4.2b. As a 
comparison, we also measured the temporal response of the SRS signal at 2900 cm
-1
 of the 
Dimethyl Sulfoxide (DMSO), suggested as red dots in Figure 4.5a. Exponential fitting shows that 
the lifetime of the SRS signal is 170 fs, exactly the same as the width of excitation pulses.  
Thanks to the long lifetime of the TAM signal, we can change the delay time between pump 
trains and probe trains to absolutely dismiss the cellular background and only sustain the imaging 
of interested AuNPs. Figure 4.5b shows a representative example of SRS images of live HeLa 
cells and TAM images of AuNPs with different delays. For the SRS, pump and probe beams are 
selected to match the C-H3 bond, which dominates in proteins and lipids of cells. The 
morphology of cells can be observed with zero delay of pump and probe, but it disappears when 2 
ps delay is added between pump and probe pulse trains. As a contrast, the AuNP is still 
observable with a good signal to noise ratio when the probe pulse train arrives 2 ps later than the 
pump pulse train.  
In addition, it is also observed that the TAM signal linearly depends on the power of pump and 
probe beam, as shown in Figure 4.5c. This indicates that the TAM signal does not saturate with 
the increasing power, which results from the empty states above the Fermi energy level of 
AuNPs. Meanwhile, we found that the transient absorption of the AuNP is not a broad-band 
process; Figure 4.5d suggests that it has the maximum value when the probe beam is set at 1066 




Figure 4.5 Characterization of Au NPs in the transient absorption microscopy. (a) Temporal 
response of SRS (red dots) and TAM (black dots) process. Inset is the corresponding logarithmic 
scale plot with exponential decay fittings (solid), indicating the characteristic time of SRS and 
TAM is 0.17 ps and 1.97 ps, respectively. (b) SRS image of live cells at 2950 cm
-1
 and TAM 
image of AuNPs with the delay of 0 ps (upper) and 2 ps (bottom) between pump and probe 
pulses. (c) The dependence of the TAM single from a single AuNP to the power of pump (blue, 
800 nm) and probe (red, 1045 nm) beams, solid lines are linear fitting. A small power range of 
pump beam was chosen due to the saturation of the detector. (d) Spectral response of the SRS 
signal with respect to the probe wavelength.  
 
4.3 mRNA detection in cells using AuNP as probe 
 
4.3.1 Materials and Methods 
 
Oligonucleotide-AuNP Conjugate.  
    30 nm gold nanoparticles (AuNP) were synthesized in our lab according to reported 
literatures.[137] For a good monodispersibility and flexible conjugation, the surface of the AuNPs 
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were chemically modified with a layer of amino group by (3-Aminopropyl) triethoxysilane 
(APTES, Sigma) treatment. To link modified AuNPs to single strand oligonucleotides, AuNPs 
were further treated with the crosslinker SMCC (Sigma), resulting in the maleimide-terminated 
AuNPs. Oligonucleotide with the complementary sequence to the targeted mRNA was purchased 
from IDT-DNA, Inc. Its sequence is listed as AGAACTGAGATGAGGTGGGGttttttttttC3-3’-
/ThiolM. Finally the AuNPs were incubated with reduced oligonucleotides at 60 
o
C for 1 h. 
Details about these procedures can be found in chapter 3. 
Cell Culture and Incubation with mRNA Probes.  
    MCF-7 and SK-BR-3 cells were cultured on coverslips in Dulbecoo’s Modified Eagle’s 
Medium (DMEM/F12) medium supplemented with 10% fetal bovine serum and 1% antibiotics at 
37 ºC in an atmosphere of 5% CO2. Upon reaching ~70% confluence, cells were washes by PBS 
three times, and fixed by 4% paraformaldehyde (PFA) for 15 min. Cells were rinsed again before 
being permeabilized  by 0.1% Triton-X for 1 hours. Finally cells were washed before the 
incubation with oligonucleotide-AuNP probes; the incubation was performed at room temperature 
overnight in PBS, and the cells were washed by PBS before imaging.  
 
Figure 4.6 Left: Scheme of the oligonucleotide-Au nanoparticle conjugate as probe for the mRNA 
detection. Right: Absorption spectrum of Au nanoparticles dispersed in water, inset is the SEM 
image.    
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4.3.2 mRNA imaging in cells using TAM. 
 
To this end, we applied the TAM to image and quantify single mRNA molecules in turbid 
biological environments such as cells and tissues, using AuNPs as probes. Figure 4.6 shows the 
basic scheme of the detection. AuNPs used here are synthesized in our group and have a sphere 
shape and the mean size of 28 nm (see SEM image in the inset of Figure 4.6). The AuNP is first 
chemically treated to obtain mono-dispersed colloidal solutions, following the protocol described 
in Chapter 4.3.1. Then the chemically-modified AuNPs are conjugated with single strand 
oligonucleotides which are complementary to the targeting transcript, human epidermal growth 
factor receptor 2 (Her2) mRNA. The overexpression of Her2 gene is regarded to associate with 
the tumorigenesis of 15-20% of invasive breast cancers and can be targeted by antibody based 
therapies (e.g. Herceptin), whereas Her2-negative tumors require other therapeutic alternatives. 
The expression levels of Her2 mRNA have been used as predictive markers for diagnosis or in 
therapeutics for malignant tumors.
33
 The oligonucleotide-AuNP conjugates are incubated with 
fixed cells and mRNAs are quantified when being hybridized with the conjugate and detected in 
TAM images of AuNPs without background. To validate the capability of quantification, we 
perform the detection in two cell lines, MCF-7 and SK-BR-3, in which Her2 mRNA is rarely 




Figure 4.7 Quantitative detection of Her2 mRNA in cancer cell lines. (a) Pump-probe scanning 
microscopy with 0 ps delay (left column) to show the location of cells in SRS channel, and with 2 
ps delay (middle column) to show the AuNPs in TAM channel, in MCF-7 cells. Doted profiles 
imply the boundary of cells. The right column is the merged image of SRS and TAM channels. 
(b) mRNA detection in SK-BR-3 cells, the assignment of channels is the same as described in (a).   
 
Figure 4.7 shows the expression levels and localization patterns of Her2 mRNA in MCF-7 (a) 
and SK-BR-3 cells (b). Pump beam at 800 nm and probe beam at 1045 nm are selected to match 
the Raman peak 2950 cm
-1
, a vibration frequency of C-H3 bond, which is the major component in 
lipids and proteins. The TAM utilizes the same pump beam but different probe beam working at 
1066 nm, as suggested by Figure 4.5d. The left panel of Figure 4.7 is the pump-probe image 
without delay (0 ps), which shows both cells and AuNPs. From the SRS image one can observe 
the shape of nucleus and cytoplasmon from the chemical vibration of proteins and lipids. The 
middle panel is the TAM image with a 2 ps delay, which only shows the localization of AuNPs 
without any information of cells; dashed lines are marked boundary of cells obtained from the 
SRS image. The right panel is the merged image of prior panels. The binding specificity of the 
oligonucleotide-AuNP conjugates is validated by the control experiments which imaging the 
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MCF-7 and SK-BR-3 cells with chemically-treated AuNPs, as shown in Figure 4.8 and Figure 
4.9. The TAM image successfully removes the interference of cellular background and only 
provides the signal of mRNAs with a ultra-high SNR. From Figure 4.7, it is observed that the 
MCF-7 cells have a low expression level of Her2 mRNAs, while SK-BR-3 cells have over-
expressed Her2 mRNAs. In addition, it is also observed that the AuNP not only localized in the 
cytoplasma of cells, which was observed in our previous working using 80 nm BTO nanocrystals 
and represent the location of mature mRNAs,
8
 but also exists in the nucleus, suggesting that the 
oligonucleotide-AuNP conjugates penetrate into the nucleus and hybridize to the nascent mRNA.  
 
Figure 4.8 Pump-probe images of MCF-7 cells incubated with bare AuNPs (upper) and 
AuNP_Her2 conjugates (bottom) showing the binding specificity of the conjugates. Left row is 
the SRS image with 0 ps delay; middle row is the TAM image with 2 ps delay, white dashed lines 
indicate the boundary of cells; right row is the merged image of both channels. Very few AuNPs 




Figure 4.9 Pump-probe images of SK-BR-3 cells incubated with bare AuNPs (upper) and 
AuNP_Her2 conjugates (bottom) showing the binding specificity of the conjugates.  
 
To ensure that the detection of oligonucleotide-AuNP conjugates is specifically in the cells, 
other than “laying on” the cellular surfaces, we performed the three-dimensional (3D) stack-
imaging of MCF-7 cells incubated with oligonucleotide-AuNP conjugates, the results are 
illustrated in Figure 4.10. The 3D SRS and TAM images confirm that the AuNPs are located in 
cells with a random distribution inside the cell.   
Providing that the TAM can offer background-free detection of Her2 mRNAs with a single 
molecule sensitivity, we quantify the expression levels of Her2 mRNA in MCF-7 cells and SK-
BR-3 cells. The statistics of the quantification results and the heterogeneity of the mRNA copy 
per cell are plotted in Figure 4.10. The Her2 mRNA number per cell for the MCF-7 cell line has a 
mono-component distribution with the peak around 10 per cell, while the SK-BR-3 cells have a 
two-component distribution for the heterogeneity of the copy number of the Her2 mRNA. 
Statistics shows that the average number of Her2 mRNA in MCF-7 and SK-BR-3 cell lines is 
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estimated as 11.29±4.47 per cell and 203.19±80.48 per cell, respectively. Our quantification 
results with the TAM and AuNP probes agree well with past values obtained either from 
fluorescence-based technique[108]
 
or SHG-based technique.[117] Furthermore, the TAM results 
are validated by the FISH approach, with which the Her2 mRNA is quantified in the same cell 
lines (Figure 4.11). From the FISH images, it is clear that SK-BR-3 cells have a much higher 
expression of Her2 mRNA than MCF-7 cells do, and the corresponding quantification results are 






Figure 4.10 Analysis of the Her2 mRNA in single cells using the pump-probe scanning 
microscopy. (a). Three-dimensional (3D) profiles of pump-probe images with 0 ps (left) and 2 ps 
(right) delay. (b). Quantification of Her2 mRNA in MCF-7 and SK-BR-3 breast cancer cell lines. 
Left figure shows the statistical comparison; middle and right figures illustrate the heteogeneity 
of the number of Her2 mRNA copies in each MCF-7 and SK-BR-3 cell, respectively. Solid lines 
are gaussian fittings.  
 
Figure 4.11 Confocal images of Her2 mRNA in MCF-7 cells (upper) and SK-BR-3 cells (bottom) 
using the standard FISH approach. Left row (blue) is the DAPI channel showing the cell nucleus, 
middle row (red) is the FISH channel showing the localizations of Her2 mRNA. The right row is 
the merged images.  
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4.4 mRNA detection in tissues with single copy sensitivity 
 
4.4.1 Materials and Methods 
 
Tissue Processing. Cancer tissue slides and normal tissue slides from Breast cancer patients were 
gifted from Dr. Kurt B. Hodges from Indiana University, School of Medicine. Tissue slides were 
first deparaffinized by immersing in xylenes (Histological grade, Fisher Scientific) for three 
times, and then were rehydrated by graded ethanol (Pharmco-AAPER) gradually. After that, the 
tissue was treated with a mixture of Tris-Buffered Saline (BioRad) and Tween 20 (TBST, Sigma) 
and then incubated in the environment of sodium citrate buffer at 100
 o
C for 30 min. Finally the 
slides were incubated with oligonucleotide-AuNP conjugates overnight to ensure their bindings to 
the mRNA. All slides were washed by PBS three times before performing the imaging.  
 
4.4.2 Background-free imaging of mRNA in tissues 
 
Finally we demonstrate the capability of the TAM to detect Her2 mRNAs in clinical tissues 
with the single copy sensitivity. Similar as imaging cells, we select the Raman peak of 2950 cm
-1 
to get the profile of cells without labeling. Oligonucleotide-AuNP conjugates are incubated with 
breast cancer tissues and normal tissues for mRNA targeting, the imaging results are shown in 
Figure 4.12. Meanwhile, the same tissue slides incubated with chemically modified AuNPs are 
imaged using the same setup; as shown in Supplementary Figure 4.13, very few signals can be 
observed in the TAM channel. However, abundant AuNPs are observed from tissues incubated 
with Oligonucleotide-AuNP conjugates. Middle panel in Figure 4.12 shows the TAM image of 
AuNPs in tissues, and the cell morphology is shown in the left panel. Considering the complicate 
chemical components in the paraffin-fixed tissue slides, we are still able to get the image of single 
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mRNA without any background interference. It should be noted here that in the SRS imaging 
panel, there is constant background which comes from the cross-phase modulation,[37] this 
happens because the tissue was fixed on a coverglass with the thickness of 1mm, which is larger 
than the working distance of the condenser (oil objective, NA=1.3); therefore, not all pump beam 
is collected to the photodiode. This problem can be solved by using an oil condenser with longer 
working distance and bigger aperture. We also quantify the copy of Her2 mRNA in tissues, as 
plotted in Figure 4.12b. Breast cancer tissue has a significant higher expression level of Her2 
mRNAs than the normal tissue does, and the negative control suggests a much smaller non-




Figure 4.12 Quantitative detection of Her2 mRNA in breast cancer tissues using pump-probe 
microscopy. (a) Pump-probe microscopy with 0 ps delay (left row) shows the cells (green) and 2 
ps delay (middle row) shows the AuNPs (cyan) in breast tumor tissue (upper) and normal tissue 
(bottom). (b) Quantification of Her2 mRNA per squre micrometer in breast cancer tissue and 




Figure 4.13 Pump-probe images of breast cancer tissue (upper) and normal tissue (bottom) 




Overall, we employed the gold nanoparticle as reporter for the specific detection of mRNA in 
the transient absorption microscopy, which offers absolute background-free quantification of 
mRNA with the single molecule sensitivity. The AuNP functions as an orthogonal probe to the 
fluorescence, scattering, and even Raman vibrations. Many efforts have been invested to improve 
the signal to noise ratio for the single molecule imaging, especially in tissues or live organs. The 
optical clearing method was widely used to get deep and whole-body imaging of neural circuits 
and tissues.[138, 139] However, the chemical used in the method not only remove the lipid, 
which is a major “trouble source” for deep tissue imaging, but also alter the function of many 
small molecules. Recently, there is a hybrid approach to obtain the “background-free” imaging of 
nanodiamond-hosted nitrogen-vacancy (NV) centers by controlling the “blinking” of NV centers 
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with modulated magnetic field.[140] Unfortunately this technique is only valid for NV center 
since the magnetic modulation of the fluorescence requires special spintronic states. Compared 
with reported background-free approaches, the TAM does not take any special chemical 
treatment on the sample, and is flexible to any metallic and semiconductive nanomaterials, as 
long as they have the surface carrier in response to the excitation of ultrafast pulses. In addition, 
our TAM method not only provide absolute background-free detection of AuNPs, but also is able 
to implement the label-free stimulated Raman scattering imaging of interested molecules.  
In our TAM experiment, the femtosecond was employed as excitation source, which provides 
better temporal resolution, i.e., the instrumental response time is improved to hundreds of 
femtoseconds from few picoseconds if the picosecond laser was utilized.
39
 In addition, the TAM 
apparatus is based on the pump-probe scanning microscopy which is a flexible modality for 
multi-mode imaging. Except the well-known SRS and TAM imaging mode, the pump-probe 
microscopy can also implement photothermal/cross-phase modulation imaging.[37] The 
absorption of the pump beam can lead to the change of the refractive index due to either Kerr 
effect or photothermal effect, the illuminated area functions as a lens and diffracts the probe 
beam. Imaging of single dye molecules has been realized using this imaging concept.[141] It is 
expected by authors that the future direction of the pump-probe microscopy is to realize super 
resolution imaging,[142, 143] which can provide not only the sub-diffraction imaging of 
biomolecules without labeling, but also the metallic or semiconductor nanostructures without 








    To summarize, we present a background-free transient absorption imaging modality, in which 
the gold nanoparticle is used as orthogonal probe to quantify mRNA in cells and tissues with 
single copy sensitivity. Her2 mRNA hybridized with AuNP-conjugated oligonucleotide is 
detected and quantified in SK-BR-3 and MCF-7 cells with the TAM modality, accompanying 
with the label-free imaging of cells with the SRS modality. In addition, quantitative single 
molecule detection of Her2 mRNA is also performed in clinical breast cancer tissues. 
Quantifications are validated by the FISH approach and yield excellent agreement with other 
methods. The TAM is expected to explore a new field in the background-free detection of single 
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